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ABSTRACT 
 
Explosive mafic (basaltic) volcanism is not easily explained by current eruption 
models, which predict low energy eruptions from low viscosity magma due to decoupling 
of volatiles (gases). Sunset Crater volcano provides an example of an alkali basalt magma 
that produced a highly explosive sub-Plinian eruption. I investigate the possible role of 
magmatic volatiles in the Sunset Crater eruption through study of natural samples of 
trapped volatiles (melt inclusions) and experiments on mixed-volatile (H2O-CO2) 
solubility in alkali-rich mafic magmas. 
 I conducted volatile-saturated experiments in six mafic magma compositions at 
pressures between 400 MPa and 600 MPa to investigate the influence of alkali elements 
(sodium and potassium) on volatile solubility. The experiments show that existing 
volatile solubility models do not accurately describe CO2 solubility at mid-crustal depths. 
I calculate thermodynamic fits for solubility in each composition and calibrate a general 
thermodynamic model for application to other mafic magmas. The model shows that the 
relative percent abundances of sodium, calcium, and potassium have the greatest 
influence on CO2 solubility in mafic magmas. 
 I analyzed olivine-hosted melt inclusions (MIs) from Sunset Crater to investigate 
pre-eruptive volatiles. I compared the early fissure activity to the sub-Plinian eruptive 
phases. The MIs are similar in major element and volatile composition suggesting a 
relatively homogeneous magma. The H2O content is relatively low (~1.2 wt%), whereas 
the dissolved CO2 content is high (~2300 ppm). I explored rehomogenization and Raman 
spectroscopy to quantify CO2 abundance in MI vapor bubbles. Calculations of post-
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entrapment bubble growth suggest that some MI bubbles contain excess CO2. This 
implies that the magma was volatile-saturated and MIs trapped exsolved vapor during 
their formation. The total volatile contents of MIs, including bubble contents but 
excluding excess vapor, indicate pre-eruptive magma storage from 10 km to 18 km depth.  
The high CO2 abundance found in Sunset Crater MIs allowed the magma to reach 
volatile-saturation at mid-crustal depths and generate overpressure, driving rapid ascent 
to produce the explosive eruption. The similarities in MIs and volatiles between the 
fissure eruption and the sub-Plinian phases indicate that shallow-level processes also 
likely influenced the final eruptive behavior.  
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CHAPTER 1 
INTRODUCTION 
 
Explosive volcanic eruptions are among the most hazardous natural disasters that 
negatively impact our world and society (e.g., Loughlin et al. 2015; Plag et al. 2015; 
National Academies of Sciences, Engineering, and Medicine 2017). Mafic (basaltic; low 
silica) volcanoes are the most abundant volcanic landform on Earth and they occur in all 
tectonic settings (Wood 1980; Basaltic Volcanism Study Project 1981; Walker 1993). 
They can appear in virtually any locality, from the middle of the ocean to nearby 
populous cities such as Auckland (New Zealand), Mexico City (Mexico), and Flagstaff 
(Arizona - USA). A recent famous case is the 2010 eruption of Iceland’s Eyjafjallajökull 
(Fig. 1.1), which notably triggered public concern about volcanic ash dispersal and its 
costly effects on health and the air transportation industry (e.g., Davies et al. 2010; 
Gislason et al. 2011; National Academies of Sciences, Engineering, and Medicine 2017).  
These systems exhibit a range of behavior, including lava flows and explosive 
eruptions, sometimes from the same vent during a single eruptive period. Until recently, 
it was thought that highly explosive eruptions (i.e., with plumes higher than ~10-14 km) 
only occurred in silica-rich magmas. Now it is recognized that in some cases, mafic 
volcanoes are capable of generating highly explosive eruptions (e.g., Williams 1983; 
Walker et al. 1984; Bice 1985; Coltelli et al. 1998; Houghton et al. 2004; Sable et al. 
2006; Costantini et al. 2009; 2010), and that large explosive basaltic eruptions are 
perhaps even a somewhat common occurrence throughout geologic history (e.g., 
Houghton and Gonnermann 2008). The hazards associated with highly explosive mafic 
		 2 
activity can affect a wide area because of the high-reaching ash plumes, and generally, 
higher volcanic plumes correlate with a more extensive area of ash dispersal and a larger 
affected population (e.g., Carey and Sparks 1986). However, it is not well understood 
how mafic vents produce highly explosive eruptions given their low magma viscosities 
(e.g., Sparks 1978; Wilson 1980; Williams 1983). These eruptions represent a poorly 
quantified danger, and identification of processes that contribute to these eruptions has 
the potential to improve eruption models. In this dissertation, I explore the role of 
magmatic volatiles (gases) in producing highly explosive mafic volcanism.  
This dissertation focuses on a case study of a young, highly explosive mafic 
eruption at Sunset Crater volcano (Fig. 1.2) in Arizona. Sunset Crater erupted in the San 
Francisco Volcanic Field (SFVF; Fig. 1.3) of northern Arizona circa 1085 A.D (Amos 
1986; Ort et al. 2008; Elson et al. 2011). The SFVF consists of over 600 basaltic 
volcanoes (Moore et al. 1976; Tanaka et al. 1986; Arculus and Gust 1995) and the United 
States Geological Survey expects that new eruptions will occur there in the future. The 
SFVF volcanoes, in addition to a few other notable volcanoes across the globe like Mt. 
Etna (Italy), are composed of alkali-rich mafic (basaltic) magma (e.g., Arculus and Gust, 
1995; Andronico et al. 2005; Métrich et al. 2010; Iacovino et al. 2013), meaning that they 
have low silica consistent with a basaltic composition, but high concentrations of alkali 
elements sodium and potassium. Sunset Crater erupted alkali basalt in multiple highly 
explosive phases, classified as sub-Plinian behavior, producing plumes >25 km high that 
displaced the native population near the volcano (Ort et al. 2008; Alfano et al. in review). 
To understand this eruption, I study volatiles trapped in crystals (i.e., melt inclusions) and 
I conduct high-pressure, high-temperature experiments to quantify volatile solubility.  
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Magmatic volatiles are one aspect within the volcanic system that can drive 
explosive volcanic eruptions (e.g., Sparks 1978). The primary volatile in any magma is 
water (H2O), and carbon dioxide (CO2) is also a major component in mafic magmas (e.g., 
Holloway 1981; Blank and Brooker 1994). Volatiles can be present in the magmatic 
system in a liquid state, dissolved in the magma, or as exsolved vapor. Dissolved 
volatiles affect magmatic density and viscosity (e.g., Hess and Dingwell 1996; Ochs and 
Lange 1999), and magmas with higher viscosities generally have the potential to erupt 
more explosively (e.g., Francis and Oppenheimer 2003). Exsolved volatiles form bubbles 
that can regulate overall eruptive style and explosivity (Sparks 1978; Wilson 1980; 
Wilson et al. 1980). The behavior of a bubbly magma depends not only on bubble size, 
which is affected by the ambient pressure, the amount of exsolved vapor, and bubble 
coalescence, but also on magma viscosity and ascent rate (e.g., Sparks 1978; Manga et al. 
1998). In general, slow magma ascent and large bubbles in low viscosity magma favor 
gas segregation from the melt via bubble rise (Wilson and Head 1981). If the bubbles 
decouple completely from the liquid, the volatiles in the bubbles can exit the vent or 
ground in a degassing event, and effusive lava flows may follow later as the degassed 
magma continues to rise and eventually erupts. If the volatiles remain partially coupled 
with the magma, this process can produce relatively small explosions as bubbles coalesce 
to form gas slugs that burst when the magma and volatiles reach the surface (e.g., 
Blackburn et al. 1976). Alternatively, in rapidly ascending magma, abundant volatiles 
may be trapped within the volume of liquid magma (in other words, well-coupled to the 
magma). Volatiles exsolve into bubbles as pressure decreases due to magma ascent, 
which serves to accelerate magma ascent speed, resulting in more violent explosive 
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eruptions (Sparks 1978; Wilson 1980; Wilson et al. 1980). The final eruptive behavior of 
a mafic volcano depends on a variety of factors, but the behavior of magmatic volatiles 
and the total volatile content are clearly key components of the system.  
Mafic magmas rich in alkali elements, like the Sunset Crater composition, are 
capable of dissolving more volatiles than other basaltic magmas (e.g., Dixon 1997). 
Volatile solubility is the mass of volatiles that can be dissolved in a unit mass of magma, 
and it is a critical property of any magma composition as it determines how and when 
volatiles exsolve during magma ascent. Additionally, volatile solubility can be used in 
conjunction with volcanic samples to decipher the magmatic plumbing system, including 
constraining the depth of magma storage and its evolution during ascent.  
The initial total volatile content of a magma cannot be measured from the bulk of 
the eruptive products, because volatiles exsolve as magma ascends and depressurizes. 
However, pre-eruptive volatile content can be measured from melt inclusions, which are 
tiny pockets of magma trapped inside growing crystals at depth within the magma 
plumbing system. The crystal host serves as a pressure vessel, protecting the melt 
inclusions from the ambient pressure decrease as magma rises, allowing them to retain 
their initial volatile content throughout ascent and eruption (e.g., Lowenstern 1995).  
Melt inclusions can, however, experience cooling post-entrapment that may 
facilitate volatile exsolution and the formation of a vapor bubble within the inclusion 
(Roedder 1979). Volatiles in melt inclusion bubbles have recently become a primary 
focus in melt inclusion research, and some studies have found as much as 90% of the 
total CO2 content sequestered into the vapor bubble (Hartley et al. 2014; Moore et al. 
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2015; Wallace et al. 2015; Aster et al. 2016). It is therefore important to consider the melt 
inclusion bubble when quantifying the total volatile budget of a volcanic eruption.  
The Sunset Crater eruption is unique amongst mafic volcanoes, and its 
interpretation requires further research on volatile solubility and bubbles in melt 
inclusions. My melt inclusion study of the Sunset Crater eruption indicates a very high 
CO2 content, which is uncommon in typical mafic eruptions. Volatile solubility in alkali-
rich mafic magmas is well constrained below ~200 MPa, but the high CO2 content of the 
Sunset Crater magma indicates that it was stored at much higher pressures. An accurate 
volatile solubility model for alkali basalt at pressures above 200 MPa is needed to 
calculate depth in the Sunset Crater magma plumbing system and understand the ascent 
of this magma. Furthermore, all of the Sunset Crater melt inclusions contain vapor 
bubbles. Nearly all of the existing studies on melt inclusion bubbles have utilized samples 
from basalts with the more commonly observed low CO2 contents. It is therefore unclear 
how a high CO2 content can affect melt inclusion bubble formation and volatile 
segregation.  
In Chapter 2, I present results from a set of H2O-CO2 volatile solubility 
experiments in 6 different alkali-rich mafic magma compositions at mid-crustal pressures 
(between 400 MPa and 600 MPa). Compositions include magmas from volcanoes in 
Italy, Antarctica, and Arizona (USA), including the Sunset Crater composition. Results 
from these experiments indicate that existing solubility models do not accurately describe 
CO2 solubility at these higher pressures. I generate a general thermodynamic solubility 
model to provide a framework to interpret volatile data to 600 MPa for a wide range of 
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mafic compositions. My new model also has implications for degassing paths and 
corresponding magma ascent dynamics. 
In Chapter 3, I explore methods of analysis of melt inclusion bubbles using 
samples from Sunset Crater. I conducted numerous rehomogenization experiments using 
two different experimental apparatuses, but was unable to successfully resorb the melt 
inclusion bubbles. I also utilized Raman spectroscopy and obtained CO2 densities of the 
analyzed bubbles. Results from the Raman data indicate that melt inclusion bubbles from 
Sunset Crater generally contain >1000 ppm CO2, representing approximately 35% of the 
CO2 originally dissolved in the melt when the inclusion was trapped. Although this is a 
significant amount of CO2, it represents a much lower proportion of the total CO2 content 
of these melt inclusions than values presented for other volcanoes in several previous 
studies (Hartley et al. 2014; Moore et al. 2015; Wallace et al. 2015; Aster et al. 2016). 
Importantly, the Raman method also requires measurement of melt inclusion bubble 
volume, which allows for separate treatment of bubbles that include co-entrapped vapor. 
Total CO2 contents that include contribution from co-entrapped vapor result in 
overestimates of depth of entrapment for melt inclusions, which can alter the 
interpretation of an eruption.  
Finally, in Chapter 4, I analyze melt inclusions from Sunset Crater to interpret the 
role of volatiles in this highly explosive basaltic eruption. I study melt inclusions from 
two highly explosive phases of the eruption as well as from one phase that exhibited 
more typical explosive basaltic activity. I utilize the bubble data from Chapter 3 to 
correct for the total CO2 content of this eruption. My results indicate no major differences 
in the characteristics of the magma between the phases exhibiting highly explosive 
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behavior versus those that erupted more typically. The magma has relatively low H2O 
content and very high CO2 abundance. I use the volatile solubility model from Chapter 2 
to calculate the entrapment depths of these samples, and these depths correlate with mid-
crustal magma storage. The high CO2 content of the Sunset Crater magma, including 
exsolved vapor at the storage depth as indicated by the analysis from Chapter 3, likely 
drove rapid magma ascent, leading to the highly explosive eruption with the final 
eruption style regulated by shallow processes. 
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Figure 1.1 Satellite Image of the Plume from the 2010 Eruption of Eyjafjallajökull 
Volcano in Iceland. Image from NASA/Earth Observatory. 
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Figure 1.2 Sunset Crater Volcano. Photo from www.arizonatribe.com. 
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Figure 1.3 Elevation Map of the San Francisco Volcanic Field Near Flagstaff, AZ. Map 
generated using GeoMapApp.  
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CHAPTER 2 
H2O-CO2 SOLUBILITY IN ALKALI-RICH MAFIC MAGMAS AT MID-CRUSTAL 
PRESSURES: EXPERIMENTS AND A NEW THERMODYNAMIC MODEL 
 
 Volatile solubility in magmas is dependent on several factors, including 
composition and pressure. Mafic magmas with high concentrations of alkali elements are 
capable of dissolving larger quantities of H2O and CO2 than subalkaline basalt. The 
exsolution of abundant gases dissolved in alkali-rich mafic magmas can contribute to 
large explosive eruptions. Existing volatile solubility models for alkali-rich mafic 
magmas are well calibrated below ~200 MPa, but at greater pressures the experimental 
data is sparse. To allow for accurate interpretation of mafic magmatic systems at higher 
pressures, I conducted a set of mixed H2O-CO2 volatile solubility experiments between 
400 MPa and 600 MPa at 1200 °C in six mafic compositions with variable alkali 
contents. Results from my experiments indicate that existing volatile solubility models 
for alkali-rich mafic magmas, if extrapolated beyond their calibrated range, do not 
accurately describe CO2 solubility at mid-crustal pressures. I adapt an existing 
thermodynamic model to reflect my higher-pressure experimental data by deriving two 
key parameters of the model for each studied composition. The corresponding solubility 
curves show good agreement with CO2 solubility data from the experiments. A general 
solubility model for alkali-rich mafic magmas was also constructed by establishing a 
relationship between magma composition and the two key thermodynamic parameters. 
My revised general model provides a new framework to interpret volcanic data that is 
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particularly valuable for mafic magma compositions for which no experimental data is 
available.  
 
2.1 Introduction 
 
The style and scale of volcanic eruptions are in part controlled by the type and 
amount of volatiles in the magmatic system (e.g., Sparks 1978; Wilson 1980). Volatiles 
affect the dynamics of the volcanic system, from magma storage and evolution to ascent 
and eruption or degassing (e.g., Sparks 1978; Wilson 1980; Newman and Lowenstern 
2002; Lesne et al. 2011b). Volatile solubility directly influences magmatic processes such 
as the timing of volatile exsolution and its effect on the bulk properties of the magma 
(e.g., Spera and Bergman 1980; Holloway and Blank 1994; Dixon and Stolper 1995; 
Manga et al. 1998). Dissolved volatiles affect magmatic density and viscosity (e.g., Hess 
and Dingwell 1996; Ochs and Lange 1999), while bubbles formed from exsolved 
volatiles may regulate overall eruptive style (Sparks 1978; Wilson 1980; Wilson et al. 
1980). For example, volatiles exsolving from a slow-rising basaltic magma can decouple 
from the liquid, resulting in degassed lava flows or relatively small explosions from gas 
slugs (e.g., Blackburn et al. 1976; Wilson and Head 1981). Alternatively, abundant 
volatiles trapped in a rapidly ascending magma can produce hazardous sub-Plinian (or 
larger) eruptions (e.g., Wilson 1980; Walker 1993).  
Magmatic volatile contents can be constrained in a variety of ways, including by 
investigation of melt inclusions trapped in crystals growing in the magma at depth (e.g., 
Lowenstern 1995). When combined with knowledge of volatile solubility, melt inclusion 
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volatile concentrations can be used to calculate entrapment pressures and therefore 
provide constraints on the magma plumbing system and the path to eruption (e.g., 
Lowenstern 1995; Holloway and Blank 1994; Dixon and Stolper 1995; Métrich et al. 
2010). The composition of these volatiles can also affect eruptive dynamics. The volatile 
budget in a basaltic magma is primarily composed of water (H2O) and carbon dioxide 
(CO2), with water being the most abundant species (e.g., Holloway 1981; Blank and 
Brooker 1994). However, CO2 is much less soluble than water (e.g., Wyllie and Tuttle 
1959; Holloway and Blank 1994) and it consequently makes up the bulk of the exsolved 
gas at depth prior to eruption. CO2 solubility therefore plays a very important role in the 
ascent and eruption of basaltic magmas. 
Volatile solubility in magmas is strongly compositionally dependent. One control 
on overall volatile solubility is silica content (e.g., Holloway and Blank 1994; Newman 
and Lowenstern 2002). Nevertheless, mafic magmas with similar silica contents can 
exhibit drastically different volatile solubilities, the cause of which is primarily correlated 
to varied concentrations of alkali elements (e.g., Holloway and Blank 1994). Dixon 
(1997) described H2O-CO2 solubility in alkali-rich basaltic magmas based on a 
parameterization of the different elements in a magma composition. This model was 
developed using previously published datasets of mixed H2O-CO2 experiments conducted 
between 100 MPa and 2 GPa for four mafic compositions (Pan et al. 1991; Thibault and 
Holloway 1994; Holloway and Blank 1994; Dixon and Pan 1995; Dixon et al. 1995) with 
a range of silica and alkali contents. The resulting compositional parameter Π was 
defined such that compositions with a greater Π value should have higher CO2 solubility. 
Experimental work on mixed H2O-CO2 solubility in alkali-rich mafic magmas continued 
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over the years to incorporate more compositions across a large pressure range, including 
studies by Botcharnikov et al. (2005), Behrens et al. (2009), Pichavant et al. (2009), 
Lesne et al. (2011a; b), Iacono-Marziano et al. (2012), Iacovino et al. (2013), Pichavant et 
al. (2014), Shishkina et al. (2014), Vetere et al. (2014), and Iacovino et al. (2016) (Fig. 
2.1). Notably, the three compositions studied by Lesne et al. (2011b) had varying alkali 
contents but were fairly similar in other major elements, and yet their CO2 solubilities did 
not uniformly correlate with their Π values. This suggests that in a narrow compositional 
range, Π may not explain all observed differences in CO2 solubility.  
There are some pressure ranges for which the existing experimental data for H2O-
CO2 solubility in alkali-rich mafic magmas is sparse. Figure 2.1 shows the total alkali 
content and experiment pressure of mixed H2O-CO2 solubility experiments for alkali-rich 
mafic magmas. Subalkaline basaltic compositions that have been used to calibrate models 
for alkali-rich mafic magmas are also included. Note that although the maximum pressure 
shown in Fig. 2.1 is 800 MPa, there have been some experiments conducted at higher 
pressures. As illustrated in Fig. 2.1, the region encompassing the middle of the crust 
(~400 MPa to 600 MPa) is not as well represented in the experimental literature as the 
upper crust (<200 MPa). For certain basaltic systems, low-pressure experiments (<200 
MPa) may provide constraints on volatile solubility sufficient for interpretation of melt 
inclusion volatile contents. Some explosive basaltic eruptions, however, have CO2 
contents higher than the calibrated limits of existing volatile solubility models (e.g., Sable 
et al. 2006; Allison et al. 2015).  
Additionally, recent work indicates that for some volcanoes, previous analyses 
and calculations may underestimate CO2 content by as much as 90% because significant 
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CO2 sequesters into vapor bubbles within the melt inclusions during cooling (e.g., 
Hartley et al. 2014; Moore et al. 2015; Aster et al. 2016). High CO2 data, whether from 
highly explosive eruptions or melt inclusion bubbles, is problematic to interpret because 
CO2 is non-ideal and therefore complicated to model with a limited dataset (e.g., 
Holloway and Blank 1994). While the fugacity of pure water at 1200°C and 400 MPa is 
only tens of MPa greater than the pressure, the fugacity of pure CO2 at these conditions is 
>1000 MPa, and this gap between pressure and CO2 fugacity continues to widen with 
increased pressure (Holloway 1981; 1987; Holloway and Blank 1994). Another reason 
that a large CO2 dataset is needed is because CO2 is more sensitive than water is to the 
compositional variability of alkali-rich mafic magmas (e.g., Holloway and Blank 1994; 
Dixon 1997; Lesne et al. 2011a; b). 
To improve understanding of CO2 solubility in alkali-rich mafic compositions at 
mid-crustal pressures, I have conducted a new set of mixed H2O-CO2 volatile solubility 
experiments. I studied a range of alkali-rich mafic compositions through experiments run 
at 1200°C between 400 MPa and 600 MPa. While CO2 was the focus of this work for the 
reasons previously mentioned, I performed mixed H2O-CO2 experiments to appropriately 
consider solubility in natural systems that typically contain both fluids, as well as to 
avoid the potential effect that low water contents may have on CO2 solubility (e.g., 
Ghiorso and Gualda 2015). I calculate empirical and thermodynamic fits for CO2 
solubility, and additionally produce a general thermodynamic model for CO2 solubility in 
alkali-rich mafic magmas. I use this new solubility data to better understand what affects 
CO2 solubility in alkali-rich mafic magmas, and also to re-interpret melt inclusion data. 
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2.2 Methods 
 
2.2.1 Experiments 
Six different basaltic compositions with variable alkali content were studied 
(Table 2.1; Fig. 2.2). Compositions include alkali basalts from Sunset Crater and 
Stromboli, a trachybasalt from Etna, a basaltic andesite from the San Francisco Volcanic 
Field (SFVF), and phonotephrites from Erebus and Vesuvius. These compositions range 
in total alkali content from ~4 wt% to 9 wt%, with variable Na2O/K2O ratios and all but 
the Vesuvius composition containing more Na2O than K2O. Notably, the Vesuvius and 
Erebus compositions have similar total alkali contents and nearly reciprocal Na2O/K2O 
ratios. The other four compositions differ in total alkali content by only 1 wt%. SiO2 
content is between ~47.5 wt% to 49 wt% in all but the SFVF composition, which has 
nearly 53 wt% SiO2. The compositions exhibit a wide range of MgO (~3.3 wt% to 8.7 
wt%) and CaO (~7 wt% to 12.5 wt%) contents. Smaller variations are found in iron 
(expressed as FeO; ~8 wt% to 11 wt%) and Al2O3 (~15 wt% to 19 wt%). One motivation 
for the inclusion of the Stromboli, Etna, and Vesuvius magmas is that Lesne et al. (2011a; 
b) recently conducted low-pressure volatile solubility experiments on these compositions. 
Additional experiments on these compositions at mid-crustal pressures can yield valuable 
insight on extrapolation of solubility models. Furthermore, incorporation of the lower 
pressure results from Lesne et al. (2011a; b) with the new experimental data at higher 
pressure from this study will permit modeling of volatile solubility over a larger 
compositional and pressure range.  
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Three natural samples were collected, and the remaining three compositions were 
synthesized from powdered oxide components to match specific magma compositions 
from the literature (Table 2.1). Starting glasses were dried and homogenized or 
synthesized in the High Pressure Facility (HPF) at Arizona State University (ASU). For 
the natural samples, a small amount of material (~5 g) was first broken up into coarse 
pieces using a Carver press, and then finely crushed under ethanol using an agate mortar 
and pestle. This rock was placed in an iron-saturated Pt crucible, heated in a 1 atm gas-
mixing furnace set to 1400 °C at fO2 conditions equal to the Ni-NiO buffer for at least 90 
min, and then drop-quenched into water. For the synthesized samples, approximately 4 g 
total of powdered oxides were measured out based on the components of the published 
compositions, and then mixed together under ethanol using an agate mortar and pestle. 
The powdered mixture was melted using the same gas-mixing furnace conditions for just 
30 min. The synthesized glass was removed, crushed, and sent through another 30 min 
cycle in the gas-mixing furnace to ensure homogeneity. The resulting glasses were 
verified to reproduce the desired compositions by electron microprobe analysis prior to 
use in experiments.  
Experimental capsules were manufactured from 5 mm diameter Au80Pd20 tubing 
with lids cut from either foil or unwrapped tubing and shaped with a die. All capsule 
preparation took place in the HPF at ASU. Typical capsule lengths were around 5 mm, 
and exact capsule measurements are recorded in Table 2.2. The capsules were welded 
using a 60 W Nd:YAG laser (LaserStar). After attaching one lid, the capsules were filled 
with approximately 50 mg of dried, crushed starting glass. H2O and CO2 were added as 
oxalic acid dihydrate crystals (1.3-2.6 mg; typically >2 mg) with additional liquid water 
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(0.25-2.5 mg) added by micro-syringe. The volatile mixture varied based on the exact 
capsule length and corresponding mass of glass added, approximate expected solubility, 
and the planned run pressure, targeting primarily CO2-rich fluid conditions. Masses of 
components added to the capsules can be found in Table 2.2. The capsules were sealed 
and weighed, then placed in a drying oven for a few minutes and weighed again to check 
for any leaks prior to use in an experiment.   
The experimental assembly was similar to that described by Moore et al. (2008) 
using a 19 mm pressure plate. One primary difference is that a small diameter graphite 
furnace (7.62 mm O.D.) was used to facilitate faster quench rates. The furnace was 
insulated with Pyrex and the outer cell was made of NaCl. The resulting gap between the 
Pyrex furnace insulator and salt cell was filled with a ceramic MgO sleeve. Additional 
details of the assembly will be described elsewhere. Each capsule was placed in the 
center (both length-wise and radial center) of the modified 19 mm NaCl-MgO-Pyrex 
assembly. One experiment, SU-1, was run using the larger diameter furnace (10.85 mm 
O.D.) designed for the 19 mm assembly.  
Volatile solubility experiments were conducted in a non-end-loaded piston 
cylinder apparatus in the HPF at ASU. The piston cylinder was treated with white 
Molykote HP-300 grease before insertion of the assembly. Each experiment was 
performed at 1200 °C as recorded by a crossed wire (W5Re-W26Re) thermocouple at the 
capsule base and a constant pressure between 400 MPa and 600 MPa (see Table 2.2). 
These values of pressure were converted from measurements of oil pressure using a 
Heise gauge. The heating and pressurization routine took place in three stages. The 
assembly was first pressurized to ~100 MPa, then simultaneously heated and pressurized 
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at rates of ~30 °C/min and ~25 MPa/min, respectively, until the maximum pressure was 
reached around 500-600 °C. The remaining heating was carried out under isobaric 
conditions. The experiments were run for approximately 24 hours to achieve full 
homogenization and then quenched isobarically. The quench rate was approximately 85 
°C/sec during the initial temperature drop, and while the cooling rate naturally slowed as 
the quench progressed, all experiments reached 800 °C within 5.5 s and cooled to 350 °C 
within 16.5 s.  
The assembly was removed and cracked open to retrieve the capsule, and 
measurements were taken to confirm the centered position of the capsule after 
compression of the assembly during the run. Capsules outside of the central “hot spot” of 
the furnace may experience lateral temperature variations, which would impact their 
results. None of the experiments in this study had capsule positions outside of the central 
hot spot. The capsules in this study were relatively short (~5 mm), which helped to 
minimize the potential influence of the thermal gradient. After extraction from the 
assembly, the capsule was cleaned with hydrofluoric acid to remove all Pyrex glass from 
the assembly that became attached to the outside of the capsule. Capsules were then 
weighed and any that registered mass loss during the run were not analyzed.  
 
2.2.2 Fluid Composition Analysis 
The fluid composition of capsules from successful experiments was measured 
using vacuum manometry in the HPF at ASU. The capsules were punctured under 
vacuum, and the fluid was frozen in liquid nitrogen and dry ice-ethanol traps to separate 
the H2O and CO2. Each volatile species was moved to a U-tube manometer using a 
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Toepler pump, and the height of the Hg columns were measured using a cathetometer. 
H2O was reduced to hydrogen gas prior to measurement using heated Uranium or 
Chromium.  
For a few capsules, only CO2 was measured from the manometry (as indicated in 
Table 2.2) because of inactivity of the Uranium during these analyses. However, the total 
fluid mass is known for all capsules as each capsule was weighed precisely both before 
and after the fluid was released for the manometry analysis. From >85 analyses 
performed in this specific vacuum line, the weighed fluid mass was compared with the 
results from the manometry analysis. On average, ~98% of the mass lost from each 
capsule was accounted for by the manometry calculations, and some of this “missing” 
mass is due to unmeasured non-condensable gas. Thus, for the capsules in this study 
without H2O analyses, the H2O fluid content was estimated by subtracting the mass of 
CO2 calculated by manometry from 98% of the fluid mass determined by weight-loss of 
the capsule.  
Overall, using vacuum manometry to measure fluid composition is one of the 
most accurate methods to determine the fugacity of mixed-fluid experiments. Sometimes, 
however, anomalies can occur because of incomplete volatile separation within the cold 
trap. This issue can produce more error at low 푋H2O푓  values, which were specifically 
targeted in this study, because of the very small masses of H2O involved in these types of 
fluid compositions. For this reason, the few experiments in this study that lack H2O 
manometry may have more error associated with their 푋H2O푓  values. This potential error 
in fluid composition may affect the calculated H2O fugacity (see Results), but it is not 
significant for the CO2 fugacity. At the pressures involved in this study, the CO2 fugacity 
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of a pure fluid is very high; >1000 MPa at 400 MPa (the lowest experiment pressure). 
Assuming a very large error in 푋H2O푓  of 0.1 produces only ~10% error in the CO2 
fugacity. So while any error in the determination of the CO2-rich fluid compositions may 
be noticeable in H2O fugacities, the CO2 data is relatively unaffected. 
 
2.2.3 Major Element Analysis 
Starting glasses (both natural and synthesized) and glass chips from each 
experiment were mounted in epoxy, polished, carbon coated, and analyzed for major 
elements using a Cameca SX100 Ultra electron microprobe at the University of Arizona. 
Natural crystals and synthetic glasses were used as standards. Each element was counted 
for 20 seconds (10 seconds for Na, counted first in the sequence) using 15 keV 
accelerating voltage, 20 nA beam current, and a 15 µm spot size. At least four spots 
spread out across the glass chips were analyzed for each sample. In all cases the analyses 
demonstrated homogeneous starting glass compositions.  
 
2.2.4 Volatile Content Analysis 
H2O and CO2 contents of the experiments were determined by Fourier transform 
infrared spectroscopy (FTIR). Doubly polished wafers of varying thickness (~25-220 µm) 
were prepared for transmission FTIR analysis using glass chips from each experiment. I 
analyzed a minimum of three wafers of variable thickness (~200 µm, ~90 µm, and ~50 
µm) from each experiment to obtain good absorbance peaks in different parts of the IR 
spectrum for each volatile species. In basalts, CO2 is stored as CO3 (e.g., Blank and 
Brooker 1994) which absorbs as a doublet around 1500 cm-1, while the individual water 
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species (OH and H2Omol) absorb separately in the near IR range around 4500 cm-1 and 
5200 cm-1, respectively, and a total water peak also occurs around 3500 cm-1. For most 
experiments, wafers of 6 different thicknesses (~200 µm, ~90 µm, ~60 µm, ~50 µm, ~40 
µm, and ~30 µm) were prepared to account for a wide range of H2O and CO2 contents. 
FTIR analyses were performed using a Nicolet iN10 MX instrument at the United States 
Geological Survey in Menlo Park. Spectra were collected between 5500-1000 cm-1 
wavenumber for 45 seconds (128 scans) with high spectral resolution using a 50 µm x 50 
µm aperture, and a background was collected before analyzing each sample.  
H2O and CO2 contents were calculated using the Beer-Lambert Law 
C = MW ∗ Aρ ∗ ε ∗ 푑                                                                                                                  (2.1) 
where C is concentration in wt%, MW is the molecular weight of the absorbing species, 
A is the peak height (absorbance) of interest, d is sample thickness in cm, ρ is density of 
the sample in g/L, and ε is a molar absorption coefficient in L/mol-cm. Absorbances (A) 
were measured after subtraction of French-curve (flexicurve) baselines drawn beneath 
each peak to reproduce the spectra of volatile-free samples. Thicknesses were determined 
using a Zygo ZeScope optical profilometer in the LeRoy Eyring Center for Solid State 
Science at ASU. For selected samples, interference fringes in the FTIR spectra were used 
to confirm thicknesses using the method of Nichols and Wysoczanski (2007), and the 
average difference between thickness measurements made using both techniques was less 
than 3 microns. Density was determined for each experiment using the method detailed in 
Luhr (2001) wherein molecular partial molar volume contributions are totaled for a dry 
glass and density is calculated iteratively based on water content. εCO2	values (in L/mol-
cm) were calculated for each composition using the method of Dixon and Pan (1995) and 
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are as follows: 314 for Sunset Crater, 309 for SFVF, 235 for Erebus, 369 Vesuvius, 325 
for Etna, and 358 for Stromboli. The ε coefficients (in L/mol-cm) used for water species 
were 63 for εH2Otot from Dixon et al. (1988), and for the near-IR peaks, 0.67 for εOH and 
0.62 for εH2Omol from Dixon et al. (1995).  
 One issue inherent to FTIR analysis is that the calculation of volatile content from 
a spectrum using Eq. 2.1 is dependent on empirically determined absorption coefficients. 
These absorption coefficients vary based on the choice of background curve fitting 
procedure (Ohlhorst et al. 2001) and also by glass composition (Dixon and Pan 1995; 
Dixon et al. 1995; Mandeville et al. 2002). Determination of specific absorption 
coefficients for FTIR requires an independent measurement of volatile content. 
Consequently, when this additional data is available, generalized fits for absorption 
coefficients are produced using compositional parameters (e.g., Dixon and Pan 1995; 
Dixon et al. 1995; Mandeville et al. 2002). Different fits are available for various 
compositional ranges, and the selection process of absorption coefficients for use in this 
study is explained below for each region of the IR spectrum.  
 Water content can be analyzed independently of FTIR using methods like Karl-
Fischer titration (KFT) or thermogravimetric analysis (TGA) (e.g., Ihinger et al. 1994; 
Behrens et al. 2009; Lesne et al. 2011a; von Aulock et al. 2014). However, these methods 
can require tens of milligrams of sample material, depending on total water content, and 
multiple analyses are often desired to establish reproducibility of the measurement (e.g., 
Lesne et al. 2011a). Unfortunately, the experimental set-up in this study does not yield 
enough glass for multiple analyses of this nature. TGA is additionally unreliable for these 
samples as they contain carbonate that is likely to decompose in the same temperature 
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range as water species. Because H2O solubility was not the primary focus of this work 
and alternative estimates for absorption coefficients are available, no additional 
independent measurements of H2O were pursued.  
Absorption coefficients for water peaks in the near-IR region vary primarily by 
silica and aluminum content (Dixon et al. 1995; Mandeville et al. 2002). These 
compositional fits for near-IR water absorption coefficients include a wide range of 
magmas from basalt to rhyolite, but it is less clear how these coefficients may vary 
between different mafic compositions (e.g., Behrens et al. 2009). Thus, representative 
absorption coefficients for water for the mafic compositions in this study were selected 
from the literature. Lesne et al. (2011a) calculated absorption coefficients for the 
Vesuvius, Etna, and Stromboli compositions using straight-line backgrounds (type “TT” 
from Ohlhorst et al. 2001) and KFT water data. One issue with adopting the Lesne et al. 
(2011a) absorption coefficients for water calculations in this study is that there are no 
published TT absorption coefficients for my other three compositions. Another problem 
is that water speciation is dependent on quench rate, with more molecular water present 
with slower quench rates (e.g., Di Matteo et al. 2006). The TT background method 
overestimates molecular water contents and underestimates hydroxyl contents (e.g., 
Lesne et al 2011a). So if the quench rates of the experiments in this study were slower 
than the Lesne et al. (2011a) experiments, the TT method would yield consistently higher 
water contents than the actual values. For these reasons, the absorption coefficients for 
basalt from Dixon et al. (1995) were utilized and peak absorbance values were measured 
from Gaussian backgrounds.  
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Water also absorbs in the FTIR spectra as a total water peak around 3500 cm-1. 
The 3500 cm-1 peak is not as well constrained as the near-IR peaks, because it represents 
vibrations from both H2O and OH and is therefore asymmetric with a large shoulder 
toward lower wavenumbers (e.g., Ihinger et al. 1994). Another major issue with this peak 
is that in samples with >2 wt% water content, it is very difficult to manufacture wafers 
that are thin enough to obtain peak absorbance values below ~0.7. Above this absorbance 
value, the detector may not receive enough light and the height of the peak will 
consequently no longer be proportional to concentration (Schrader 1995; von Aulock et 
al. 2014). Because of these issues, the water contents calculated from near-IR peaks are 
preferred in this study. For this 3500 cm-1 peak, the absorption coefficient for basalt from 
Dixon et al. (1988) is used to compare total water with water content calculated for each 
species using the near-IR data. 
For the CO3 doublet, Dixon and Pan (1995) determined a fit for absorption 
coefficients based on calcium and sodium content. The coefficients were determined 
using absorbance values calculated after subtraction of a spectrum of a decarbonated 
sample of similar composition. This fit included a range of mafic compositions from the 
literature with calculated CO3 absorption coefficients determined either by comparison 
with bulk carbon analyses of the glasses (Thibault and Holloway 1994; Dixon and Pan 
1995) or FTIR analysis of glasses synthesized with known CO2 contents (Fine and 
Stolper 1985; Fine and Stolper 1986). There is a possibility that a fit based only on 
calcium and sodium contents may overestimate coefficients for strongly potassic 
compositions, like the Vesuvius magma (e.g., Behrens et al. 2009). However, Behrens et 
al. (2009) determined the CO3 absorption coefficient of an ultra-potassic composition by 
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bulk carbon analysis, and the value calculated from Dixon and Pan (1995) is within error 
of the measured coefficient. Because the glasses in this study contained mixed volatiles, 
and sample masses are low, it was not possible to obtain a carbon determination 
independent of the FTIR measurements. However, the Dixon and Pan (1995) fit was 
determined using compositions that span the range of those studied in this work, and so 
this correlation can be used to calculate absorption coefficients for the carbonate peaks in 
this study. 
Finally, calculated volatile contents from FTIR data are optimized in this study in 
two different ways. First, optical profilometry is utilized to calculate the thickness of each 
sample. This method produces a thickness map for the entire sample, and so the precise 
thickness across the FTIR aperture is easily determined. Second, several wafers for each 
experiment across a range of thicknesses are analyzed to provide multiple independently 
calculated values for volatile contents. These two techniques facilitate accurate 
determination of volatile contents by FTIR.  
One additional detail concerning FTIR data is specific to the Erebus composition. 
In these glasses, the carbonate peaks merge at higher total volatile contents (see Iacovino 
et al. 2013), and it is not straightforward to measure the absorbance value of these 
merged peaks. Because water makes up the bulk of the total volatile content, in order to 
avoid the merged carbonate peaks, low dissolved water contents (<2.5 wt%) were 
necessary. Therefore, in higher-pressure experiments (>450 MPa), low 푋H2O푓  fluid 
compositions were carefully applied for the Erebus composition to circumvent any 
potential issues with carbon analysis. 
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2.3 Results 
 
 The experiments conducted in this study were designed to describe CO2 solubility 
in alkali-rich mafic magmas at mid-crustal pressures. Mixed (H2O-CO2) fluid rather than 
pure CO2 experiments were conducted for several reasons. First, most natural magmas 
have mixed fluid compositions and these experiments therefore replicate conditions 
within the natural magmatic system. There is also a possibility of reduced CO2 solubility 
at very low water contents (e.g., Ghiorso and Gualda 2015), and so these experiments 
constrain CO2 solubility in the presence of H2O. Additionally, use of mixed fluid 
compositions yields greater flexibility in the CO2 fugacity. To obtain data at high CO2 
fugacities (and therefore higher CO2 partial pressures) in these mixed experiments, CO2-
rich fluid compositions were targeted. This was achieved by adding only small amounts 
of liquid water in addition to the oxalic acid dihydrate crystals to the capsules as sources 
of volatiles. Accordingly, the fluid compositions and resulting fugacities are explained 
first, followed by observations of the experimental glasses. The volatile solubility of each 
composition is then described using the trend between fugacity and dissolved volatile 
contents. 
 
2.3.1 Manometry and Fugacity 
 To explore fluid-saturated volatile solubility, only capsules that recorded the same 
mass both before and after the experiment were considered in this study. When punctured 
for fluid manometry analysis, each of the capsules lost mass (see Table 2.2) confirming 
that the experiments were fluid saturated. Fluid compositions are CO2-rich with all but 
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one experiment below 0.26 mole fraction H2O (푋H2O푓 ). This one experiment with a higher 
푋H2O푓  was purposefully designed to explore volatile solubility at lower CO2 fugacity 
while running within my defined pressure range. On average, the 푋H2O푓  in this study is 
0.170.  
H2O and CO2 fugacity for each experiment is calculated using the modified 
Redlich-Kwong equation of state (Holloway 1981; 1987; Holloway and Blank 1994) with 
the Saxena and Fei (1987) high-pressure correction. MATLAB codes to calculate 
fugacities are included in Appendix A. The specific H2O and CO2 fugacities of each 
experiment, listed in Table 2.2, are determined from the fugacities of pure H2O and CO2 
at the experiment conditions multiplied by the fluid mole fraction of the species.  
 
2.3.2 Physical Observations and Major Element Composition 
Quenched run products from successful experiments range in color from brownish 
to black glass. Glasses from Erebus experiments are nearly opaque in thicker chips, 
possibly due to high Ti content (Iacovino et al., 2013), but still exhibit vitreous luster 
overall and appear translucent in thinner samples. Quench microcrystals are very rare and 
do not make up any significant portion of the glass. Imprints of bubbles can be observed 
at the top of the capsules, providing additional proof of fluid saturation at run conditions. 
Glass chips selected for analysis were not taken from the very top portion of the capsule 
to avoid any micro-bubbles or crystals that could be present. 
 Experiment glasses exhibit homogeneity in their major element compositions with 
minimal iron loss to the capsule. As shown in Table 2.2, approximately 86.5% of the iron 
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was retained from the starting composition. Full major element compositional data for 
each experiment is provided in Appendix A. With the exception of minor Fe-loss, all 
other elements show good agreement with the composition of the starting glass. 
Calculated glass densities are between ~2550 g/L and 2700 g/L (Table 2.3). 
 
2.3.3 Carbon Dioxide 
 Results of the infrared analysis determination of CO2 contents of experiments are 
plotted in Fig. 2.3 and listed in Tables 2.2-2.3. For ease of comparison, the compositions 
with lower with CO2 solubilities, Sunset Crater, SFVF, and Erebus, are shown in Fig. 
2.3a and the remaining compositions are shown in Fig. 2.3b.  
Fig. 2.3a shows the CO2 fugacity and dissolved CO2 content of experiments for 
the Sunset Crater, SFVF, and Erebus compositions. Additionally, best fit curves using 
power law fits are plotted through the Sunset Crater and SFVF experiments to compare 
the relative solubility differences between these two compositions.  
CO2 contents for experiments on the Stromboli, Etna, and Vesuvius compositions 
are shown in Fig. 2.3b. I have included CO2 data at low pressures from Lesne et al. 
(2011b) as circles in Fig. 2.3b, and these values have been adjusted to utilize the Dixon 
and Pan (1995) absorption coefficients for carbonate for uniform comparison with my 
data. Accordingly, I also adjust the fugacity values of the Lesne et al. (2011b) data as 
they differ slightly from values calculated from the modified Redlich-Kwong equation of 
state that is used in this study. The power curve for the Sunset Crater composition from 
Fig. 2.4a is also included in Fig. 2.3b for comparison with these other compositions. 
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Finally, I have also plotted power law fits from Lesne et al. (2011b) in Fig. 2.3b, and 
these fits have been extrapolated for comparison with my high-pressure data. 
The lowest CO2 solubility is recorded by the most evolved composition, the 
basaltic andesite (SFVF). Three experimental compositions show CO2 solubility 
relationships that are indistinguishable from each other. The Sunset Crater and Stromboli 
alkali basalts, as well as the Erebus phonotephrite, show trends of CO2 concentration 
versus fugacity that largely overlap. The highest CO2 solubilities are recorded by two of 
the three compositions with high total alkali contents. The Etna trachybasalt and the 
Vesuvius phonotephrite record the highest CO2 solubilities, with the Vesuvius 
composition dissolving the most CO2 of all six compositions in this pressure range.  
I next compare the extrapolated fits from the low-pressure data from Lesne et al. 
(2011b) to the new high-pressure data in Fig. 2.3b. The extrapolated low-pressure fit for 
the Etna composition corresponds well with the new high-pressure experiments for that 
composition. However, the extrapolated fits for Stromboli and Vesuvius over-predict CO2 
solubility in this pressure range compared with my experiments.  
To estimate overall CO2 solubility in this pressure range, I use power law fits 
through the experimental data. I calculate new power law regressions for these 
compositions using both the Lesne et al. (2011b) low-pressure data in addition to my new 
experiments and yield the following equations: 
CO2 (ppm) = 1.050 ∗ 푓CO21200°C 0.883; R2 = 0.996 for Stromboli       (2.2)  
CO2 (ppm) = 2.831 ∗ 푓CO21200°C 0.797; R2 = 0.990 for Etna        (2.3) 
CO2 (ppm) = 4.796 ∗ 푓CO21200°C 0.754; R2 = 0.995 for Vesuvius.        (2.4)  
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I also calculate power law regressions for the other three compositions in this study, 
yielding the following equations: 
CO2 (ppm) = 3.273 ∗ 푓CO21200°C 0.740; R2 = 0.999 for SFVF        (2.5) 
CO2 (ppm) = 4.320 ∗ 푓CO21200°C 0.728; R2 = 0.987 for Sunset Crater       (2.6) 
CO2 (ppm) = 5.145 ∗ 푓CO21200°C 0.713; R2 = 0.983 for Erebus.        (2.7) 
I note that without lower pressure data for the SFVF, Sunset Crater, and Erebus 
compositions, the power law fits may not accurately represent CO2 solubility at pressures 
lower than my experimental range.  
 
2.3.4 Water 
 Water contents of these experiments determined from peaks in the near-IR FTIR 
spectra are between ~2.1 wt% and 5.3 wt% across a fugacity range of ~20 MPa to 215 
MPa (Fig. 2.4 and Tables 2.2-2.3). The water contents of each experiment are 
reproducible across wafers of different thicknesses. Water contents determined by the 
~3500 cm-1 peak sometimes show moderate agreement with the near-IR data, but usually 
produce lower values. The absorbance values for the ~3500 cm-1 peak are usually >1, 
even in many of the thinnest wafers, at which point the height of the peak may not be 
proportional to concentration (Schrader 1995; von Aulock et al. 2014). These high 
absorbance values explain why water content calculated from the ~3500 cm-1 peak is 
consistently lower than the water content calculated from near-IR peaks, and accordingly, 
why I prefer water contents calculated by near-IR peaks. The overall trends of water 
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content versus fugacity for each composition are generally indistinguishable from each 
other in this dataset.  
In Lesne et al. (2011a), all three compositions (Vesuvius, Etna, and Stromboli) 
yielded similar water solubilities. Overall, the water solubilities determined in Lesne et 
al. (2011a) trend with total alkali contents (see Table 2.1), with Etna recording 
intermediate water solubilities between Vesuvius and Stromboli. However, this 
difference in water solubility is not greatly pronounced, and in fact, the three 
compositions overlap in some experiments of equal pressure (Lesne et al. 2011a). The 
maximum solubility difference of ~0.5 wt% is recorded at ~300 MPa, the highest 
pressure in that study (Lesne et al. 2011a).  
The power-law fit for water solubility in the Etna composition from Lesne et al 
(2011a): 
푓H2O1200°C = 104.98 ∗ wt%H2O1.83           (2.8) 
is plotted with the experiments from this study in Fig. 2.4. The new experiments 
generally show good agreement with this power-law relationship defined by Lesne et al. 
(2011a).  
Experiment VS-2, one of the capsules for which no H2O manometry was 
completed, is the primary exception to the agreement with the Lesne et al. (2011a) trend 
in Fig. 2.4. Rather than representing a different water solubility trend than the other 
experiments, it is likely that this experiment has a higher 푋H2O푓  value than what was 
estimated. The incomplete manometry analysis, possibly coupled with incomplete fluid 
separation during the manometry analysis, probably resulted in a slightly inaccurate 푋H2O푓  
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value and produced exaggerated error in the H2O fugacity. This error does not have a 
large effect on the CO2 fugacity, as previously clarified in the methods section. 
The water data is required to accurately determine CO2 solubility in alkali-rich 
mafic magmas, but it is not the primary topic of this study. Water solubility has already 
been well constrained between ~1 wt% and 6.5 wt% H2O in three alkali-rich mafic 
compositions by Lesne et al. (2011a). The experiments in this study were not designed to 
describe water solubility in these magmas, so in some compositions, I do not have a very 
wide range in water contents across experiments of different pressures. The low 푋H2O푓  
values of my experiments additionally complicate my water data because any error in the 
fluid fraction is exaggerated in the water fugacity (but is insignificant in the CO2 
fugacity, as described above). Therefore I will not provide updated water solubilities for 
these compositions and instead rely on the Lesne et al. (2011a) model for water to define 
H2O solubility in these magmas.  
 
2.3.5 Low Water Content and CO2 Solubility 
Mysen (1976) found evidence that water influences CO2 solubility in experiments 
run at pressures in excess of 2.5 GPa. Mysen (1976) hypothesized that this was due to the 
way in which H2O and CO2 fit into the melt pseudo-structure. These results, however, 
have been largely discounted because the study relied on the outdated beta-track 
analytical method. Also, subsequent studies conducted at low pressures utilizing infrared 
spectroscopy did not find any relationship between H2O content and CO2 solubility (e.g., 
Dixon et al. 1995). More recently, a number of studies have again found evidence for 
water influencing CO2 solubility (e.g., Shishkina et al. 2010), but the influence is 
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currently poorly understood and un-quantified (e.g., Iacono-Marziano et al. 2012; 
Shishkina et al. 2014). Modeling based on a survey of the experimental literature 
suggests that H2O enhances CO2 solubility at low to moderate H2O abundance (Ghiorso 
and Gualda 2015). This possible effect of H2O content on CO2 solubility is beyond the 
scope of this study, but is a topic of active investigation that will be presented elsewhere. 
Because of the high pressures in this study, even at very low 푋H2O푓  values, the water 
contents of the glasses exceed 2 wt%. It is therefore unlikely that any of my experiments 
are affected by this low-water complexity, and consequently I do not document reduced 
CO2 solubility in experiments with low water contents or low 푋H2O푓  values.  
 
2.4 Discussion 
 
 To use the results of the experiments effectively it is important to develop models 
that allow straightforward and accurate calculation of solubility relationships. I first 
discuss the simple relationships of CO2 solubility presented in the results. Next, I 
compare my experimental results to existing volatile solubility models. Third, I model 
volatile solubility in my studied compositions with a thermodynamic approach. Volatile 
solubility models are also useful for predicting the solubility of magmas that have not 
been investigated, but that fall within a similar compositional region to magmas that have 
been studied. I therefore present a general thermodynamic model based on my new 
experimental data as well as some additional compositions from the experimental 
literature. I compare the relative influence of different compositional elements on CO2 
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solubility using this general model. Finally, I also apply the thermodynamic model to 
previously published melt inclusion data.   
 
2.4.1 Compositional Influence on CO2 Solubility 
 New experimental results on six compositions allow for simple comparisons in 
CO2 solubility. A number of previous studies have shown that in mafic magmas, there is 
a general correlation between alkali abundance and CO2 solubility (e.g., Dixon 1997; 
Lesne et al. 2011b).  
In this study, CO2 solubility does not simply scale with total alkali content. There 
is significant overlap in solubility between the Sunset Crater, Stromboli, and Erebus 
compositions that have total alkali contents of 4.22 wt%, 4.55 wt%, and 8.81 wt%, 
respectively. Notably, the Erebus composition has the highest total alkali content of all 
six compositions (8.81 wt%), and yet both the Etna (5.20 wt%) and Vesuvius (7.79 wt%) 
compositions have higher CO2 solubilities. Interestingly, though the Vesuvius and Erebus 
compositions share similar total alkali contents, Vesuvius has more potassium than 
sodium, whereas the reverse is true for Erebus. It seems that elements other than the 
alkalis are playing a strong role in CO2 solubility in mafic magmas, and sodium and 
potassium likely do not share an equal influence.  
The possible influence of silica content (e.g., Dixon 1997; Newman and 
Lowenstern 2002) is shown by a comparison of the SFVF basaltic andesite and Sunset 
Crater alkali basalt. These two compositions are largely similar in major element 
composition with the exception of SiO2, MgO, and FeO. 
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lower CO2 solubility than the alkali basalt, and in fact has the lowest CO2 solubility, as 
well as the highest SiO2 content, of all six compositions investigated in this study.  
 
2.4.2 Do Existing Solubility Models Describe New Experimental Data? 
2.4.2.1 The Π Model (Dixon 1997) 
The Π model of Dixon (1997) was one of the first to constrain CO2 solubility for a 
range of alkali-rich mafic magmas. In this approach, major element cation fractions from 
four mafic compositions were combined into a parameter called Π, which was then 
linearly correlated with CO2 solubility at constant pressure (1000 bar). While applying 
this model to natural samples, Dixon (1997) found that Π varied linearly with SiO2 
content in glasses from an alkalic ocean island suite, and so SiO2 content was used as a 
proxy for Π. This parameterization was then integrated into a thermodynamic model 
(Fine and Stolper 1986; Stolper and Holloway 1988; Dixon et al. 1995) to calculate CO2 
solubility. The thermodynamic model requires at least two empirically determined input 
parameters (see next section), and one of these parameters was defined using the 
compositional relationship Π (or SiO2). The other was estimated as a constant for all 
mafic magmas. The simplified SiO2-based algorithm of Dixon (1997) was later 
incorporated into the VolatileCalc H2O-CO2 solution model (Newman and Lowenstern 
2002), and the Π parameterization was included in the SolEx COHSCl volatile solubility 
model (Witham et al. 2012).  
In Fig. 2.5, I compare the Π model to my new experiments. I plot Π and CO2 
solubility (as determined by power law fits, Eqs. 2.2-2.7) for my six compositions at a 
pressure of 500 MPa, which is the average pressure in my study. In Dixon (1997), Π 
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values are calculated using Fe+2 after correcting iron contents for oxygen fugacity. 
Therefore, for accurate comparison with the compositions from Dixon (1997), Π values 
for the six compositions in this study are calculated for an oxygen fugacity of NNO +1 
using the method of Kilinc et al. (1983). Also included are the CO2 solubilities at 500 
MPa pressure for the four compositions used in Dixon (1997) to define Π. These CO2 
concentrations were calculated at 500 MPa from the thermodynamic model using the 
parameters calculated for each composition in the original experimental papers (Pan et al. 
1991; Thibault and Holloway 1994; Holloway and Blank 1994; Dixon and Pan 1995; 
Dixon et al. 1995). The Π values of these four compositions are the values given in Dixon 
(1997). Because Π was designed to correlate linearly with CO2 solubility at constant 
pressures, a linear fit with a y-intercept of zero is fit through the Dixon (1997) 
compositions for reference. I do not see the simple linear relationship between Π and CO2 
solubility in my magma compositions as observed by Dixon (1997), indicating that the Π 
model does not perform well for these new data.  
 
2.4.2.2 Lesne et al. (2011b): Empirical Power Law Models 
The Lesne et al. (2011b) study contains multiple models, including empirical 
power law fits as previously described (Fig. 2.3b). The Lesne et al. (2011b) low-pressure 
power law fits (empirical) overestimate CO2 solubility in the Vesuvius and Stromboli 
compositions (Fig. 2.3b), but show good agreement with the new Etna experiments. I 
emphasize that Lesne et al. (2011b) do not recommend and did not intend these fits to be 
used at pressures beyond their experimental range. However, it is still interesting to note 
that at these higher pressures, the extrapolated Etna and Stromboli low-pressure power 
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fits cross each other (Fig. 2.3b) and diverge considerably. If these extrapolated fits 
represent true solubility curves, then I would conclude that CO2 is much more soluble in 
the Stromboli magma than in the Etna magma at high pressures (>500 MPa CO2 fugacity 
or ~270 MPa pressure for a pure CO2 fluid) despite the opposite trend at low pressures. 
My experimental data does not show any evidence for changes in relative CO2 
solubilities between compositions at different pressures, and thus I find it unlikely to 
occur in natural magmas.  
 
2.4.2.3 Lesne et al. (2011b): Thermodynamic Models 
The Lesne et al. (2011b) study also includes a thermodynamic approach based on 
the model of Fine and Stolper (1986), Stolper and Holloway (1988), and Dixon et al. 
(1995) (see next section). The calculated fits from Lesne et al. (2011b) for each of the 
three compositions (Vesuvius, Etna, and Stromboli) using the thermodynamic model are 
plotted with my high-pressure experiments in Fig. 2.6. When these Lesne et al. (2011b) 
thermodynamic fits are extrapolated to higher pressures, they show lower CO2 solubility 
in the Vesuvius and Etna compositions, and higher CO2 solubility for Stromboli than 
what my experiments indicate. As is seen in the extrapolated power law fits, these 
extrapolated thermodynamic fits also cross and diverge significantly at higher pressures, 
which suggests that the fits are not accurate at pressures above ~250 MPa.  
Furthermore, Lesne et al. (2011b) also revised the Dixon (1997) general 
thermodynamic model for mafic magmas, incorporating the low-pressure data on the 
Stromboli, Etna, and Vesuvius compositions. As was the case in Dixon (1997), the 
general model presented by Lesne et al. (2011b) uses a compositional relationship for one 
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of the two required thermodynamic parameters, but estimates the other as a constant. This 
limitation introduces additional uncertainty into the resulting solubility curves. 
 
2.4.2.4 Other Empirical Models 
Other models utilize a purely empirical approach. For example, Shishkina et al. 
(2014) conducted experiments across eight different mafic compositions and produced an 
exponential relationship between CO2 content and an updated Π parameterization using 
cation fractions, termed Π*. Figure 2.7 compares my experimental data, as well as data 
from the compositions used in Dixon (1997), to the equation of Shishkina et al. (2014) 
for a pressure of 500 MPa. While the overall exponential trend described by Shishkina et 
al. (2014) is generally observed, my experiments show higher CO2 solubility than what 
the Shishkina et al. (2014) model predicts.  
Another example of an empirical expression for CO2 solubility in alkali-rich 
magmas is from the work of Vetere et al. (2014). Rather than fitting the data using cation 
fraction relationships like Dixon (1997) and Shishkina et al. (2014), the Vetere et al. 
(2014) study incorporated an additional compositional factor, the ratio of non-bridging 
oxygens to tetrahedrally coordinated cations (NBO/T), in their empirical equation. 
However, their focus was less comprehensive, defining the solubility of relatively 
polymerized and very alkali-rich magmas at 500 MPa. While the Vetere et al. (2014) 
equation is valid for the Erebus composition, it is not calibrated for the full range of 
magmas in this study, and I therefore do not test it against my data. 
 
2.4.2.5 A Comprehensive Thermodynamic Model 
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The MagmaSat model (Ghiorso and Gualda 2015) is one of the latest 
comprehensive volatile solubility models intended to describe all natural magmas across 
a very large pressure range (0-3 GPa). MagmaSat utilizes a more advanced 
thermodynamic approach, but because it incorporates experiments from the existing 
literature, it is not yet calibrated at the specific pressures and compositional range of 
interest here (refer to Fig. 2.1). This is illustrated in Fig. 2.8, which shows a comparison 
between two sets of fluid saturated isobars for the Stromboli composition. One set of 
isobars is calculated using MagmaSat, while the other uses power law fits for each 
volatile phase; Eq. 2.2 from this study for CO2 and the equation from Lesne et al. (2011a) 
for water. The isobars, specifically CO2 abundance at moderate (2 wt%) to high H2O 
content, show good agreement below ~300 MPa, but the models show increasing 
divergence as pressure increases to 600 MPa. At lower H2O abundance, the MagmaSat 
model shows CO2 solubility decreasing as H2O abundance decreases. My experiments, 
which all contain >2 wt% H2O, do not show this effect. 
 
2.4.3 Calibration of a Thermodynamic Model for CO2 Solubility 
 The purely empirical fits I have provided thus far have their limitations, and one 
concern is that this type of model will be inaccurate when extrapolated to higher 
pressures. Thermodynamic models are preferred for this reason, and the necessary 
parameters can be derived from well-constrained solubility experiments. I therefore 
proceed by characterizing CO2 solubility using the thermodynamic model described by 
Fine and Stolper (1986), Stolper and Holloway (1988), Dixon et al. (1995), and Lesne et 
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al. (2011b). In this model, because CO2 is stored in the melt as CO3, CO2 solubility is 
defined by the reaction: 
CO2 (vapor) + O2- (melt) = CO32-	(melt),          (2.9) 
with an equilibrium constant (at P and T) given by: 
K(P,T) =  푎CO32−푚 (P,T)푎O2−푚  ∗ 푓CO2(P,T) .                                                                                              (2.10)  
Assuming ideal mixing between CO32-	and O2- (Stolper et al. 1987), the activity terms in 
Eq. 2.10 are replaced by mole fractions, and after manipulation (e.g., Holloway and 
Blank 1994), the effect of pressure and temperature on equilibrium (K) is given by: 
K(P,T) = K0(P0, T0) ∗ exp − ∆푉푟0,푚푅푇 푑푃 + 푃푃0 ∆퐻푟0 푇 ,푃0푅푇2 푑푇푇푇0 .                              (2.11) 
In Eq. 2.11, K0(P0, T0) is the equilibrium constant at the reference pressure and 
temperature, 1000 bar and 1200 °C. ∆푉푟0,푚 is the volume change of the condensed 
components of the reaction in Eq. 2.9: 
∆푉푟0,푚 = 푉퐶푂32−0,푚  – 푉푂2−0,푚  ,          (2.12) 
where 푉퐶푂32−0,푚  and 푉푂2−0,푚  represent the molar volumes of the melt species in their standard 
states. ∆퐻푟0 is the enthalpy change of the reaction in Eq. 2.9, but because I did not 
investigate CO2 solubility at different temperatures, I do not consider the temperature 
dependent integral in Eq. 2.11 and can not provide constraints on ∆퐻푟0.   
 The parameters ∆푉푟0,푚 and K0(P0, T0) can be empirically determined for different 
compositions using data from experiments at a constant temperature. Eq. 2.11 can be 
manipulated such that on a linear regression of ln[푓CO2(P,T) ∗ (푋퐶푂2푚 )-1] versus  
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[(P-P0) ∗ (RT)-1], where 푋퐶푂2푚  is the mole fraction of total CO2 contents dissolved in the 
melt, the slope of this regression yields ∆푉푟0,푚 and y-intercept corresponds to -lnK0. Note 
that in this determination, pressure is in bars, and for a mixed H2O-CO2 experiment, the 
pressure P will be the partial pressure due to CO2 as determined from the CO2 fugacity.  
I calculate the thermodynamic parameters ∆푉푟0,푚 and K0(P0, T0) using this linear 
regression technique for each of the six compositions in this study (Table 2.4). This 
determination is dependent on high-pressure data (Holloway and Blank 1994), and so it is 
well suited to my dataset. For certain compositions, I incorporate lower pressure 
experiments from other authors when available. I include some experiments from the 
Lesne et al. (2011b) dataset after recalculating the CO2 contents and fugacities (as 
described in the Results section) for appropriate comparison with my data. For the Etna 
composition, I also utilize some experiments from Iacono-Marziano (2012). An example 
of this regression is shown in Fig. 2.9 for the Etna composition, and regressions for the 
other compositions are included in Appendix A.  
To calculate wt% CO2 from Eq. 2.11 and produce CO2 solubility curves, I follow 
the steps outlined in Holloway and Blank (1994), briefly reproduced here. I first calculate 
K(P, T) using Eq. 2.11 with the values of ∆푉푟0,푚 and K0 as determined above. Next, I 
calculate 푓CO2(P,T) using the modified Redlich-Kwong equation of state (Holloway 
1981; 1987; Holloway and Blank 1994) with the Saxena and Fei (1987) high-pressure 
correction. I use these values of K(P, T) and 푓CO2to calculate a term Kf : 
Kf = K(P, T) ∗  푓CO2(P,T).          (2.13) 
푋퐶푂3푚  is calculated from Kf : 
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푋퐶푂3푚 = Kf *(1 - Kf )-1,           (2.14) 
and this is converted to wt% CO2 by: 
wt% CO2 = (44.01 ∗  푋퐶푂3푚 ) * {(44.01 ∗  푋퐶푂3푚 ) + [(1 - 푋퐶푂3푚 ) ∗  FWone]}-1    (2.15) 
where FWone is the formula weight of the magma on a one-oxygen basis. To make the 
application of this model more straightforward, I assume the value of FWone to be a 
constant, using the value given by Holloway and Blank (1994) for alkali basalt of 36.594. 
Values of FWone calculated for my six compositions range within ±1 of this alkali basalt 
value. The CO2 solubility curves calculated for each composition using the 
thermodynamic fits (Fig. 2.10) show strong agreement with the experimental data. 
For reference, to calculate the CO2 concentrations for fluid saturated isobars using 
this thermodynamic model, the following procedure can be utilized. First, I calculate the 
fugacity of pure CO2 at the pressure of the isobar and multiply this value by the fraction 
of CO2 present (1-푋H2O푓 ) along each point on the isobar. Next, I determine the partial 
pressure of CO2 corresponding to the fractional fugacity by iteration. For each point 
along the isobar, I calculate Kf  by substituting the partial pressures for P in Eq. 2.11 and 
fractional fugacities for 푓CO2 in Eq. 2.13. Finally, the wt% CO2 at each point along the 
isobar can be calculated using Eqs. 2.14-2.15. 
 
2.4.4 Development of a General Thermodynamic Model for CO2 Solubility 
 It is additionally desirable to produce a general model that can be applied to other 
mafic compositions. I determine a compositional fit for the empirical parameters required 
in the thermodynamic model, ∆푉푟0,푚 and lnK0, based on a multiple linear regression of 
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cation fractions from each composition. This allows the model to be used for a variety of 
mafic compositions for which volatile solubility has not been studied. Cation fractions 
are calculated from normalized anhydrous oxide wt% according to the following steps: 
1. Divide by formula weight; 
2. Multiply by the number of cations oxide molecule; 
3. Normalize by the sum of the values calculated in (2) for all major oxides. 
Note that because I did not specifically measure oxygen fugacity in my experiments, I 
calculate cation fractions with all iron as FeO (Fe+2).  
To widen the compositional range of this general model, I include all six of my 
compositions plus four additional compositions from the experimental literature (see 
Table 2.4). I utilize experiments on a basanite composition from Holloway and Blank 
(1994) and a leucitite composition from Thibault and Holloway (1994). These two 
compositions were both used in Dixon (1997) to define Π. I also incorporate recent 
experiments on a basaltic composition (N72) from Shishkina et al. (2010). The final 
composition I include is a phonotephrite (AH3) from Vetere et al. (2014) that is slightly 
more silica-rich than my Erebus and Vesuvius phonotephrites. Selection of specific 
experiments is described in further detail in Appendix A. For these additional 
compositions, I also calculate cation fractions with all iron as FeO for equal comparison 
with the compositions from this study.  
A series of multiple linear regressions were performed to find the best-fit solution. 
The linear regressions yield: 
∆푉푟0,푚 = β + Σ(αi * Di); R2 = 1.00         (2.16) 
lnK0 = ψ + Σ(θi * Di); R2 = 1.00,         (2.17) 
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where Di indicates the cation fraction of element i and α, β, θ, and ψ are coefficients. 
Values for the coefficients are contained in Tables 2.5-2.6. Each cation component is 
highly significant, with p-values <0.05. For most cation components the p-value is <0.01. 
Equations 2.16 and 2.17 produce values of ∆푉푟0,푚 and lnK0 for these 10 compositions to 
within ~1.5% and ~0.01% (0.28 and 0.001) of the values calculated from experimental 
data (Table 2.4), respectively. I therefore conclude that this general model is robust and 
very accurately predicts CO2 solubility in these compositions.  
 
2.4.4.1 Using the General Model 
The general model is calibrated for magmas that contain 44 wt% to 53 wt% SiO2 
and 2 wt% to 9 wt% total alkalis (Na2O + K2O) at pressures ranging from ~50 MPa to 
600 MPa. Here I summarize the general procedure for application of the model to 
calculate the CO2 solubility for an unstudied magma composition. First, calculate the 
cation fractions for the composition of interest as described above. Second, use Eqs. 2.16-
2.17 to compute thermodynamic parameters. Lastly, the CO2 solubility can be determined 
according to the thermodynamic model using Eqs. 2.11 and 2.13-2.15 as outlined above.  
 
2.4.4.2 Relative Influence of Compositional Components on CO2 Solubility 
I next compare how compositional differences affect CO2 solubility using the 
general thermodynamic model. Using the Sunset Crater composition as the starting 
composition, I adjust the values of the SiO2, CaO, Na2O, and K2O components to 
compare their relative influence on CO2 solubility. First, the mass proportion of the oxide 
component of interest is increased (in 0.5 wt% increments; up to 3 wt%), then the 
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composition is re-normalized, and finally the cation fractions are re-calculated. Values of 
lnK0 and ∆푉푟0,푚 are determined for each new composition using the general model, and 
the CO2 concentrations at 500 MPa are calculated using the thermodynamic equations. 
Results of these calculations are shown in Fig. 2.11. Of course, due to the nature of 
normalization, adjusting one oxide component does have a slight effect on the other 
cation components. The SiO2 component is most affected during normalization, since it 
makes up most of the mass in any silicate melt composition. However, as can be seen in 
Fig. 2.11, the SiO2 component does not appear to strongly influence CO2 solubility. 
Increasing the mass proportion of Na2O appears to have the strongest effect on CO2 
solubility, resulting in much higher CO2 solubilities than an equal mass proportion 
increase in K2O content. The effect of CaO is also fairly significant. 
 
2.4.5 Application of New Model to Stromboli Plumbing System 
I apply the new CO2 solubility model to melt inclusion data from an historic 
large-scale paroxysm from Stromboli (ST531) from Métrich et al. (2010). These melt 
inclusions contain between 624 ppm and 1460 ppm CO2 (Métrich et al. 2010). Saturation 
pressures were previously calculated using the Papale et al. (2006) model, yielding melt 
inclusion entrapment pressures between 105 MPa and 206 MPa, with an average pressure 
of 176 MPa (Métrich et al. 2010). I recalculate fluid saturation for CO2 from the 
thermodynamic model, using the parameters listed in Table 2.4 for Stromboli. I use the 
power law fit for Stromboli from Lesne et al. (2011a) for H2O solubility. Using this 
model, I calculate new entrapment pressures for these melt inclusions between 144 MPa 
and 257 MPa, with an average pressure of 220 MPa. These two sets of pressures are 
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shown in the histogram in Fig. 2.12. The recalculated pressures are, on average, 44 MPa 
higher than the previous assessment, which indicates depths of melt inclusion entrapment 
approximately 1.5 km deeper than previously interpreted by Métrich et al. (2010).  
Calculations for these melt inclusions using MagmaSat yield pressures between 
139 MPa and 249 MPa, with an average of 212 MPa. These pressures are closer to those 
calculated using my new model, although they are 8 MPa lower on average.  
Physically, this means that volatile exsolution likely occurred at deeper levels 
than previously estimated, which may have played a role in the explosivity of the 
eruption. Exsolved volatiles provide buoyancy to magma (e.g., Pyle and Pyle 1995; 
Woods and Cardoso 1997), and so if exsolution is occurring deeper within the system, 
this may indicate that acceleration of magma ascent is also taking place at greater depths. 
This acceleration at depth could produce a feedback mechanism wherein fast magma 
ascent causes volatile oversaturation in the melt, which then results in rapid volatile 
exsolution at shallower levels, driving highly explosive eruptions (e.g., Papale and 
Polacci 1999; Sable et al. 2006). Additionally, Métrich et al. (2010) note the presence of 
vapor bubbles in melt inclusions from Stromboli. These vapor bubbles may contain 
additional CO2 (e.g., Hartley et al. 2014; Moore et al. 2015; Aster et al. 2016), signifying 
even greater depths of melt inclusion entrapment as well as higher quantities of volatiles 
in the system that can facilitate explosive eruptions.  
 
2.5 Conclusions 
 
 48 
 Experiments at 1200 °C between 400 MPa and 600 MPa with mixed (H2O-CO2), 
CO2-rich fluid compositions have been conducted to study CO2 solubility in a variety of 
alkali-rich mafic magmas. The findings of this work are summarized below. 
1. Mafic magmas rich in alkali elements show increased CO2 solubilities, though the 
correlation is not a simple scaling with total alkali content.  
2. Previous volatile solubility models for alkali-rich mafic magmas do not accurately 
describe CO2 solubility at mid-crustal pressures (400 MPa to 600 MPa). This 
discrepancy has implications for the physical volcanic system, as solubility 
determines depths of volatile exsolution, which can drive explosive eruptions. 
3. CO2 solubility in alkali-rich mafic magmas is well constrained by a simple 
thermodynamic model using two parameters that can be derived from the 
experimental data. I have calibrated the thermodynamic model for six individual 
compositions ranging from alkali basalt to phonotephrite to basaltic andesite. 
4. A general thermodynamic model has been developed based on my six 
compositions and four additional compositions from the literature. Using multiple 
linear regression analysis, I have derived two empirical compositional 
relationships (Eqs. 2.16-2.17) that describe the thermodynamic parameters ∆푉푟0,푚 
(partial molar volume) and lnK0 (equilibrium constant).  
5. The general model is calibrated for compositions with 44 wt% to 53 wt% SiO2 
and 2 wt% to 9 wt% total alkalis (Na2O + K2O), for pressures between ~50 MPa 
and 600 MPa. 
6. Based on calculations using the general model, the mass proportion of Na2O 
appears to have the strongest influence on CO2 solubility, much greater than the 
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effect of equal mass proportions of K2O. The influence of CaO is also fairly 
significant, whereas SiO2 content on its own has little effect on CO2 solubility in 
this compositional range. 
7. When I apply the thermodynamic model for CO2 solubility to melt inclusion data 
from Stromboli, I calculate saturation pressures approximately 44 MPa higher 
than previous estimates. These higher pressures indicate much greater depths for 
melt inclusion entrapment, requiring an adjustment to the interpretation of the 
complex plumbing system beneath Stromboli. 
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Figure 2.1 Previously Published Mixed H2O-CO2 Volatile Solubility Experiments. Plot 
shows the pressure and alkali content of experiments (diamonds) on alkali-rich mafic 
magmas; see text for references. Also included are experiments on subalkaline basalts 
that have been incorporated into models for alkali-rich mafic magmas. Colors indicate 
classification of the magma compositions according to total alkali and silica content (see 
Fig. 2.2).   
0
1
2
3
4
5
6
7
8
9
10
0 200 400 600 800
w
t%
 N
a 2
O
 +
 K
2O
Experiment Pressure (MPa)
Basalt
Alkali Basalt
Trachybasalt
Basanite/Tephrite
Phonotephrite
 51 
Table 2.1 Compositions of Starting Glasses. Measurements are from electron microprobe 
analysis in anhydrous oxide wt.%; also listed are compositions from Lesne et al. (2011a; 
b). 
  
Composition SiO2 TiO2 Al2O3 FeOa MnO MgO CaO Na2O K2O P2O5 Total Source 
Compositions used in this study 
SFVF 52.77 1.18 17.28 7.88 0.19 5.86 9.19 3.39 1.50 0.76 100 Natural 
Sunset Crater 47.61 1.80 16.22 11.02 0.17 8.66 9.84 3.43 0.80 0.45 100 Natural 
Erebus 47.49 2.79 18.83 10.36 0.29 3.31 6.95 6.03 2.78 1.17 100 Synthesized 
Vesuvius 48.69 0.98 15.26 8.15 0.23 6.68 11.60 1.93 5.86 0.62 100 Synthesized 
Etna 47.46 1.81 16.17 10.47 0.20 6.74 11.42 3.48 1.72 0.52 100 Natural 
Stromboli 48.85 0.83 16.83 8.15 0.20 7.81 12.45 2.46 1.99 0.43 100 Synthesized 
Compositions from Lesne et al. (2011a; b) 
VES-9 (Vesuvius) 48.67 0.97 14.72 7.62 0.14 6.82 12.94 1.82 5.63 0.66 100 Natural 
ETN-1 (Etna) 47.95 1.67 17.32 10.24 0.17 5.76 10.93 3.45 1.99 0.51 100 Natural 
PST-9 (Stromboli) 49.82 0.81 15.94 7.71 0.20 8.07 12.81 2.32 1.92 0.40 100 Natural 
a Total iron expressed as FeO 
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Figure 2.2 Starting Glass Compositions on Total Alkali Silica Diagram.  
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Table 2.2 Experimental Conditions and Results. 
  
Expe-
rime-
nt 
Composi-
tion 
Added to capsule 
Press-
urea 
(MPa) 
Run 
Time 
(hr) 
%FeO 
keptb 
In fluid Weighed 
Fluid 
Loss 
(mg) 푿퐇ퟐ퐎풇   풇퐇ퟐ퐎 (MPa) 풇퐂퐎ퟐ (MPa) 
In glass 
Rock 
(mg) 
H2O 
(mg) 
OAD 
(mg) 
H2O 
(mg) 
CO2 
(mg) 
H2O 
(wt%) 
CO2 
(ppm) 
SU-7 SFVF 45.15 2.58 1.31 413.3 24.33 96.16 n/a 0.779 1.06 0.441 * 208 598 5.27 2040 
SU-1 SFVF 55.69 1.30 2.34 425.5 22.90 95.74 0.083 1.569 1.73 0.115  50 1021 2.39 3049 
SU-6 SFVF 51.41 2.39 2.03 612.3 26.58 97.48 n/a 1.223 1.39 0.213 * 173 2026 4.77 4963 
SU-2 SFVF 43.73 1.80 2.30 614.1 22.40 94.42 0.104 1.473 1.63 0.148  108 2251 3.90 5520 
Z-32 Sunset 56.86 1.25 2.44 407.1 24.00 90.00 0.153 1.648 1.63 0.185  85 845 2.61 3176 SB-3 Sunset 51.92 1.53 2.23 518.0 22.98 88.66 0.098 1.415 1.50 0.145  92 1490 3.32 4535 
SB-4 Sunset 55.87 1.82 2.34 609.8 23.05 87.18 0.142 1.358 1.57 0.204  165 2029 4.12 6086 Z-31 Erebus 58.84 1.40 2.19 407.8 18.50 86.10 n/a 1.673 1.80 0.112 * 52 924 2.52 3368 
EB-4 Erebus 55.07 0.57 2.37 524.7 23.00 79.87 0.073 1.535 1.61 0.105  68 1606 2.32 5386 EB-5 Erebus 50.38 0.26 2.41 617.5 22.30 75.80 0.038 1.530 1.63 0.058  48 2476 2.12 6754 
VS-1 Vesuvius 46.13 1.23 2.25 412.7 22.72 85.96 n/a 1.457 1.68 0.229 * 107 823 3.43 4963 
VS-3 Vesuvius 48.42 0.51 2.69 519.8 22.52 83.46 0.084 1.564 1.75 0.116  74 1552 2.74 6845 
Z-33 Vesuvius 58.73 2.25 2.69 607.7 23.97 86.91 0.088 1.513 1.69 0.125  100 2213 3.95 8501 VS-2 Vesuvius 46.45 1.86 2.49 622.1 24.00 87.28 n/a 1.397 1.45 0.023 * 19 2614 4.62 9542 
ET-8 Etna 43.02 1.18 2.15 404.1 23.97 83.15 n/a 1.481 1.70 0.222 * 101 795 2.68 3996 
Z-22 Etna 102.04 2.60 3.52 419.4 23.07 81.40 0.249 2.309 2.62 0.209  100 872 3.35 4426 
ET-9 Etna 50.72 1.50 2.21 518.3 22.33 85.52 0.176 1.425 1.62 0.232  148 1340 4.24 5395 ET-5 Etna 45.45 1.83 2.24 616.8 24.03 82.57 n/a 1.361 1.60 0.259 * 213 1943 5.19 7072 
Z-15 Etna 42.92 1.73 2.25 619.9 21.02 81.59 0.127 1.411 2.02 ^  0.180  149 2175 4.53 7659 ST-3 Stromboli 50.75 1.13 2.17 427.0 22.58 80.59 0.115 1.428 1.59 0.164  81 957 2.33 3568 
ST-6 Stromboli 53.84 1.52 2.22 519.2 22.67 85.15 0.025 1.303 1.35 0.044  28 1674 2.64 5272 ST-4 Stromboli 50.62 1.91 2.12 608.0 22.97 85.38 0.131 1.203 1.42 0.209  169 2001 4.16 6086 a Pressure calculated from oil pressure of piston cylinder 
 
b Proportion of FeO kept in the glass relative to the initial glass FeO concentration, calculated as 100*FeOglass/FeOstarting glass, with FeOstarting glass from Table 1, with 
composition analyses normalized to 100% anhydrous and all Fe as FeO  
 
^ Capsule retained material from assembly after cleaning in HF, some of which came off during manometry analysis resulting in the poor agreement between fluid 
measured by manometry and weighed fluid loss 
 
* Fluid composition estimated from weight loss and CO2 measured from manometry (see text) 
 54 
Table 2.3 FTIR Data for Experiments. Accepted volatile concentrations for each 
experiment are listed in bold type. 
  
Compos-
ition 
Exp-
erim-
ent Wafer 
Thick-
ness 
(cm) 
Density 
(g/L) A5200 A4500 A3500 A~1510 
H2O 
wt% 
(total, 
NIR)a 
H2O 
wt% 
(3500)b 
CO2 
(ppm)c 
SFVF SU-7 1 0.0228 2548 0.0594 0.0497   5.27   
SFVF SU-7 3 0.0077 2548 0.0186 0.0183  0.281 5.26  2040 
SFVF SU-1 a1 0.0219 2631 0.0161 0.0339   2.39   
SFVF SU-1 b3 0.0098 2631 0.0071 0.0152 1.638 0.552 2.39 1.82 3049 
SFVF SU-6 1 0.0192 2567 0.0428 0.0411   4.77   
SFVF SU-6 4 0.0054 2567 0.0115 0.0121 1.633 0.483 4.76 3.37 4963 
SFVF SU-2 a1 0.0203 2585 0.0314 0.0421   3.90   
SFVF SU-2 c2 0.0056 2585 0.0084 0.0119 1.482 0.561 3.90 2.93 5520 
Sunset Z-32 1 0.0187 2719 0.0133 0.0350  1.114 2.61  3071 
Sunset Z-32 3 0.0068 2719 0.0053 0.0124 1.454 0.419 2.64 2.25 3176 
Sunset SB-3 1 0.0211 2695 0.0274 0.0405   3.32   
Sunset SB-3 4 0.0057 2695 0.0109 0.0076 1.573 0.497 3.39 2.93 4535 
Sunset SB-4 1 0.0203 2670 0.0298 0.0509   4.12   
Sunset SB-4 6 0.0037 2670 0.0060 0.0086 1.120 0.429 4.11 3.24 6086 
Erebus Z-31 2 0.0104 2626 0.0075 0.0175  0.494 2.52  3388 
Erebus Z-31 3n 0.0054 2626 0.0015 0.0118 1.277 0.255 2.55 2.58 3368 
Erebus EB-4 1 0.0193 2623 0.0114 0.0314   2.32   
Erebus EB-4 5 0.0046 2623 0.0029 0.0074 0.911 0.347 2.35 2.16 5386 
Erebus EB-5 1 0.0236 2621 0.0136 0.0341   2.12   
Erebus EB-5 4 0.0053 2621 0.0024 0.0084 0.905 0.501 2.13 1.86 6754 
Vesuvius VS-1 1 0.0212 2639 0.0250 0.0444   3.43   
Vesuvius VS-1 4 0.0053 2639 0.0062 0.0110 1.218 0.582 3.40 2.49 4963 
Vesuvius VS-3 1 0.0191 2658 0.0149 0.0357   2.74   
Vesuvius VS-3 4 0.0059 2658 0.0044 0.0113 1.114 0.900 2.75 2.03 6845 
Vesuvius Z-33 1 0.0201 2626 0.0358 0.0388   3.95   
Vesuvius Z-33 5 0.0046 2626 0.0081 0.0090 1.451 0.861 3.95 3.44 8501 
Vesuvius VS-2 1 0.0193 2604 0.0454 0.0373   4.62   
Vesuvius VS-2 6 0.0042 2604 0.0088 0.0091 1.391 0.875 4.58 3.64 9542 
Etna ET-8 1 0.0203 2683 0.0145 0.0386   2.68   
Etna ET-8 4 0.0061 2683 0.0045 0.0114 1.248 0.483 2.67 2.18 3996 
Etna Z-22 3 0.0148 2666 0.0149 0.0331  1.233 3.35  4232 
Etna Z-22 6 0.0084 2666 0.0092 0.0176  0.732 3.31  4426 
Etna ET-9 1 0.0208 2640 0.0303 0.0539   4.24   
Etna ET-9 4 0.0058 2640 0.0088 0.0147 1.530 0.610 4.25 2.86 5395 
Etna ET-5 1 0.0208 2607 0.0497 0.0509   5.19   
Etna ET-5 5 0.0039 2607 0.0092 0.0097 1.427 0.531 5.20 4.01 7072 
Etna Z-15 4 0.0050 2624 0.0112 0.0100 1.560 0.740 4.53 3.40 7638 
Etna Z-15 5 0.0038 2624 0.0081 0.0081 1.327 0.564 4.55 3.81 7659 
Stromboli ST-3 1 0.0194 2680 0.0137 0.0303   2.33   
Stromboli ST-3 4 0.0068 2680 0.0044 0.0113 1.400 0.529 2.37 2.20 3568 
Stromboli ST-6 1 0.0210 2676 0.0184 0.0353   2.64   
Stromboli ST-6 4-2 0.0042 2676 0.0036 0.0072 1.017 0.482 2.65 2.59 5272 
Stromboli ST-4 1 0.0187 2634 0.0284 0.0455   4.16   
Stromboli ST-4 5 0.0049 2634 0.0070 0.0121 1.311 0.639 4.10 2.91 6086 
a H2O content calculated from NIR FTIR data using ε coefficients (in l mol-1 cm-1) of 0.67 for 휀푂퐻 and 0.62 for 휀퐻2푂푚표푙 from Dixon et 
al. (1995) 
 
b H2O content calculated from mid-IR FTIR data using an ε coefficient (in l mol-1 cm-1) of 63 for 휀퐻2푂푡표푡 from Dixon et al. (1988) 
 
c 휀퐶푂2 values (in l mol-1 cm-1) used for calculating CO2 contents from the carbonate doublet were calculated for each composition 
using the method of Dixon and Pan (1995) and are as follows: 314 for Sunset, 309 for SFVF, 235 for Erebus, 369 Vesuvius, 325 for 
Etna, and 358 for Stromboli 
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Figure 2.3 Experimental Results for CO2. Plotted are values of dissolved CO2 
concentration versus experiment CO2 fugacity (squares). (a) Results for the SFVF, Sunset 
Crater, and Erebus compositions. Curves are power fits through the data for Sunset Crater 
and SFVF compositions. (b) Results for the Vesuvius, Etna, and Stromboli compositions, 
including experimental data from Lesne et al. (2011b) shown as circles. Curves are power 
fits from Lesne et al. (2011b), extrapolated as dashed curves. Power fit from Sunset 
Crater from Fig. 2.3a shown as dotted curve for reference.  
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Figure 2.4 Experimental Results for Water. Dissolved concentration versus experiment 
fugacity is plotted (squares). Symbols with an x represent experiments for which the H2O 
manometry failed (see Methods). The power law fit for the Etna composition (Eq. 2.8) 
from Lesne et al. (2011a) is also included.  
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Figure 2.5 Comparison to Π Model. The solubility for the six compositions in this study 
(squares) is calculated at 500 MPa and compared to the Π parameter (Dixon 1997). CO2 
concentrations at 500 MPa are calculated by power law fits through the experimental data 
(Eqs. 2.2-2.7) and Π values are calculated assuming an oxidation state corresponding to 
NNO+1 calculated using Kilinc et al. (1983). Also plotted are the Π values and CO2 
concentrations at 500 MPa for the four compositions discussed in Dixon (1997), shown 
as circles, with a linear fit through these data.   
1000
3000
5000
7000
9000
11000
13000
15000
-0.50 0.50 1.50 2.50
C
O
2
(p
pm
)
Π
SFVF
Sunset Crater
Erebus
Stromboli
Etna
Vesuivus
Compositions in Dixon (1997)
@ 1200°C and 500 MPa pressure 
(1609.6 MPa fugacity)
Linear fit through 
Dixon (1997) data
vi
 58 
 
Figure 2.6 Comparison to Lesne et al. (2011b) Thermodynamic Fits. Dissolved CO2 
concentration versus CO2 fugacity for each experiment is shown by the squares. The 
curves were calculated using the thermodynamic models for each composition from 
Lesne et al. (2011b) (extrapolated as dashed lines). Experiments from Lesne et al. 
(2011b) are also shown as circles.  
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Figure 2.7 Comparison to Shishkina et al. (2014) Model. The solubility for the six 
compositions in this study (squares) is calculated at 500 MPa and compared to the Π* 
parameter (Shishkina et al. 2014). CO2 concentrations at 500 MPa are calculated by 
power law fits through the experimental data (Eqs. 2.2-2.7). Also included are the Π* 
values and CO2 concentrations at 500 MPa for the four compositions discussed in Dixon 
(1997), shown as circles. Dashed curve represents solubilities predicted by Shishkina et 
al. (2014) model.  
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Figure 2.8 Comparison to MagmaSat (Ghiorso and Gualda 2015). The mixed-fluid 
(H2O-CO2) solubility of Stromboli is compared with values calculated using MagmaSat 
(dashed curves; Ghiorso and Gualda 2015). The fluid-saturated isobars for the Stromboli 
composition are calculated using the empirical power fit for CO2 (Eq. 2.2 from this study) 
and for H2O, the Stromboli equation from Lesne et al. (2011a).   
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Figure 2.9 Determination of Thermodynamic Parameters for the Etna Composition. The 
terms f and X correspond to the CO2 fugacity and the mole fraction of CO2 dissolved in 
the melt (푋퐶푂2푚 ), respectively. The slope of a linear regression of the data represents the 
partial molar volume (∆푉푟0,푚) and the y-intercept represents the inverse value of ln K0.  
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Table 2.4 Thermodynamic Parameters and Compositional Data for General Model. 
Values of ∆푉푟0,푚 and ln K0 are determined from linear regressions (see Fig. 2.9) of 
experimental data. Also reported are cation fractions for calibration of a general 
thermodynamic model. Values are listed for the six compositions in this study, as well as 
for the four additional compositions included in the calibration of the general model. 
  
Composition ∆푽풓ퟎ,풎 ln K0 Si+4 Al+3 Na+1 K+1 Ca+2 Mg+2 Fe+2* Ti+4 
Compositions from this study 
Sunset Crater 16.40 -14.67 0.438 0.176 0.061 0.009 0.097 0.119 0.085 0.012 
SFVF 15.02 -14.87 0.488 0.188 0.061 0.018 0.091 0.081 0.061 0.008 
Erebus 15.83 -14.65 0.436 0.204 0.107 0.033 0.068 0.045 0.080 0.019 
Vesuvius 24.42 -14.04 0.450 0.166 0.035 0.069 0.115 0.092 0.063 0.007 
Etna 21.59 -14.28 0.438 0.176 0.062 0.020 0.113 0.093 0.081 0.013 
Stromboli 14.93 -14.68 0.449 0.182 0.044 0.023 0.123 0.107 0.063 0.006 
Compositions from other studies 
Basanitea 21.72 -14.32 0.423 0.165 0.077 0.015 0.081 0.124 0.092 0.022 
Leucititeb 21.53 -13.36 0.406 0.139 0.057 0.041 0.141 0.125 0.070 0.019 
AH3 Phonotephritec 30.45 -13.26 0.447 0.161 0.123 0.021 0.106 0.079 0.057 0.006 
N72 Basaltd 19.05 -14.86 0.465 0.200 0.042 0.003 0.113 0.097 0.073 0.006 
a Basanite composition from Holloway and Blank (1994) 
 
b Leucitite composition from Thibault and Holloway (1994) 
 
c AH3 Phonotephrite composition from Vetere et al. (2014) 
 
d N72 Basalt composition from Shishkina et al. (2010)  
 
*Fe+2 calculated from total iron expressed as FeO 
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Figure 2.10 Experimental Data Compared with Thermodynamic Fits. Dissolved CO2 
concentration versus CO2 fugacity for each experiment is shown by the squares. Curves 
are calculated using the thermodynamic model and the empirically determined 
parameters for each composition (Table 2.4).  
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Table 2.5 Coefficients for ∆푉푟0,푚 Equation. Coefficient β = -2263.140. 
  
i αi value 
Fe+2 2705.962 
K+1 + Si+4 2332.903 
Ca+2 2373.680 
Na+1 2343.467 
Ti+4 + Mg+2 2050.328 
Al+3 2115.921 Na푥+1Na푥+1 +  K푥+1 -8.539 
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Table 2.6 Coefficients for lnK0 Equation. Coefficient ψ = -84.449. 
  
i θi value 
K+1 86.941 
Ca+2 83.559 
Na+1 + Fe+2 78.946 
Si+4 70.730 
Mg+2 61.902 
Ti+4 71.324 
Al+3 52.183 Na푥+1Na푥+1 +  K푥+1 1.124 
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Figure 2.11 Influence of Cation Components on CO2 Solubility. Plot shows the effect of 
increasing the mass proportion of individual oxide components on CO2 solubility, 
displayed as dissolved CO2 content at constant pressure (500 MPa). Values of lnK0 and 
∆푉푟0,푚 are determined for each new composition using the general model, and the CO2 
concentrations at 500 MPa are calculated using the thermodynamic equations. 
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Figure 2.12 Comparison of Saturation Pressures for Stromboli Melt Inclusions. Original 
pressures for melt inclusions from ST531 were calculated using the Papale et al. (2006) 
volatile solubility model in Métrich et al. (2010). Recalculated pressures use the 
thermodynamic fit for CO2 in Table 2.4 and the H2O power fit from Lesne et al. (2011a). 
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CHAPTER 3 
DERIVING THE COMPLETE VOLATILE CONTENT OF MELT INCLUSIONS: 
REHOMOGENIZATION AND VAPOR BUBBLE ANALYSIS OF A CO2-RICH 
MAGMA FROM SUNSET CRATER, AZ 
 
 Melt inclusions (MIs) directly sample magmatic volatiles, but obtaining their 
complete volatile contents requires accounting for volatiles in vapor bubbles in addition 
to dissolved volatiles. I explore both rehomogenization and Raman spectroscopy to 
estimate total volatile contents of CO2-rich MIs from Sunset Crater volcano. 
Rehomogenization at high temperature and pressure was conducted in a piston cylinder, 
and rehomogenization at high temperature under atmospheric pressure conditions was 
conducted in a gas-mixing furnace. Vapor bubble CO2 densities were measured by 
Raman spectroscopy using synthetic CO2 standards for calibration of density. The 
dissolved volatiles in MI glass were measured by FTIR spectroscopy. Rehomogenization 
was only partially successful; MIs heated at atmospheric pressure showed severe volatile 
loss, whereas MIs rehomogenized at pressure had volatile abundances equivalent to or 
lower than a control group suggesting failure to re-equilibrate and probable leakage. 
Direct measurement of CO2 density of vapor bubbles indicates significant CO2 as well as 
the common presence of carbonate crystals. Vapor bubble densities range from 0.132 
g/cm3 to 0.293 g/cm3 and are comparable to measurements from the literature. 
Restoration of MI volatiles dissolved at entrapment depends on whether MI bubbles form 
entirely post-entrapment or begin as co-entrapped vapor associated with an existing 
exsolved phase at the time of crystal growth and MI entrapment. I calculate maximum 
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post-entrapment bubble volumes and use these results to constrain the mechanisms of 
bubble formation and the total volatile content of the Sunset Crater eruption. Total CO2 
contents dissolved in MIs at entrapment, which includes the contribution from the MI 
glass and post-entrapment bubble, range from ~2600 ppm to 4500 ppm, which is an 
average of nearly 1400 ppm more CO2 compared to MIs uncorrected for vapor bubble 
contributions. The CO2 that sequestered into the vapor bubbles post-entrapment in these 
samples is significant, representing an average of ~36% of the total mass of CO2 in the 
MIs. Identification of the mechanism of bubble formation allows for more accurate 
calculation of magma storage depths, as well as quantification of total volatile content 
(including potential exsolved vapor at depth). Raman spectroscopy currently provides the 
most straightforward means of correcting for MI vapor bubble contents.  
 
3.1 Introduction 
 
 Volcanic gases play a large role in the production of explosive volcanic eruptions. 
In a basaltic volcano, differences in volatile content and whether those volatiles escape 
prior to the magma reaching the surface can mean the difference between effusive lava 
flows and large sub-Plinian to Plinian explosions (e.g., Parfitt 2004; Valentine and Gregg 
2008). While water (H2O) is the most abundant magmatic volatile, carbon dioxide (CO2) 
is also a significant component in some basaltic magmas (e.g., Holloway 1981; Blank and 
Brooker 1994; Lesne et al. 2011b). High CO2 contents in mafic magmas may be partly 
responsible for some highly explosive basaltic eruptions (e.g., Sable et al. 2006) such as 
the Holocene eruption of Sunset Crater Volcano (Allison et al. 2015). Measuring the 
	 70	
initial volatile content of a magma is very important for interpretation of an eruption, but 
can be difficult because volatiles exsolve into bubbles as magma ascends and 
depressurizes. The best-preserved pre-eruptive concentration of volatiles is found within 
melt inclusions (MIs) that are trapped inside of crystals as they grow at depth within the 
magma plumbing system. In basaltic magmas, olivine is one of the most common crystal 
hosts for MIs. Because the MIs are isolated from the surrounding magma and its 
changing pressure conditions by their crystal host, they record a pre-eruptive magma 
composition and volatile content (e.g., Lowenstern 1995). They are therefore commonly 
used to understand the evolution of a volcanic eruption (e.g., Anderson and Brown 1993; 
Luhr 2001; Métrich et al. 2010; Stefano et al. 2011; Tuohy et al. 2016). MIs can, however, 
be imperfect reflections of the magmatic system at depth because they may undergo some 
changes before they erupt and freeze at the surface as a result of a variety of processes 
(e.g., Lowenstern 1995) such as post-entrapment cooling (Roedder 1979) or leakage (e.g., 
Wallace and Gerlach 1994). Post-entrapment modifications such as crystallization can 
instigate volatile exsolution within the MI (e.g., Roedder 1979), resulting in a vapor 
bubble that may contain a significant portion of the total CO2 content of the MI 
(Anderson and Brown 1993; Hartley et al. 2014; Moore et al. 2015; Wallace et al. 2015; 
Aster et al. 2016). The total volatile budget of an eruption therefore may be 
underestimated if only the MI glass of a bubble-bearing MI is considered.  
 
3.1.1 The Origins of Melt Inclusion Vapor Bubbles 
 Not all vapor bubbles are created equally. It is thought that vapor bubbles form 
from several processes and may be subject to secondary modification (e.g., Lowenstern 
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1995). As a result, some MIs may have experienced significant dissolved volatile loss to 
a vapor bubble during post-entrapment cooling (e.g., Anderson and Brown 1993; Hartley 
et al. 2014; Moore et al. 2015; Wallace et al. 2015; Aster et al. 2016), or they may 
contain excess vapor in their bubbles (Roedder 1965; Lowenstern et al. 1991). 
Consideration of the origin of vapor bubbles and identification of secondary modification 
is important to properly characterize MIs and magmatic volatile budgets.   
While it is possible that some MI vapor bubbles may have been trapped along 
with the magma during MI formation (e.g., Roedder 1965; Lowenstern et al. 1991), 
volatile exsolution and vapor bubble formation also occur post-entrapment (e.g., Roedder 
1979; Lowenstern 1995). After a MI is trapped, the surrounding magma may cool slightly 
as it sits within the magma plumbing system awaiting eruption. This cooling affects the 
suspended phenocrysts and promotes the formation of a MI vapor bubble in two ways. 
First, the MI will shrink as it cools, whereas the host crystal is in comparison relatively 
incompressible and will not experience an equal volume change (Sorby 1858; Roedder 
1979). This results in a loss of pressure in the MI, and because CO2 solubility is very 
strongly pressure dependent (e.g., Blank and Brooker 1994), CO2 will begin to exsolve 
into a vapor bubble. Second, a decrease in temperature may cause the trapped MI to 
crystallize along its boundary with the crystal host, which also promotes volatile 
exsolution in two ways (e.g., Anderson 1974; Steele-MacInnis et al. 2011). Post-
entrapment crystallization involves transfer of material from the MI to a denser crystal 
phase, generating a pressure decrease in the MI that forces exsolution (e.g., Steele-
MacInnis et al. 2011). Furthermore, H2O and CO2 behave incompatibly during post-
entrapment crystallization, which oversaturates the MI in volatiles and drives additional 
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volatile exsolution (e.g., Danyushevsky et al. 2002; Kress and Ghiorso 2004). Basaltic 
MIs hosted in olivine crystals may experience additional processes contributing to vapor 
bubble formation or growth. The change in composition in the MI during post-
entrapment crystallization (i.e., lowering the MgO content) may reduce volatile solubility 
in the inclusion (e.g., Steele-MacInnis et al. 2011). Additionally, H+ protons have the 
potential to diffuse through the olivine to re-equilibrate with the surrounding melt (e.g., 
Gaetani et al. 2012). This loss of water results in a pressure drop within the MI and, as 
described above, stimulates exsolution of CO2 into a vapor bubble (Bucholz et al. 2013).  
As the magma erupts, the host crystal and MI will undergo further cooling prior to 
freezing at the glass transition temperature. This cooling can cause additional late-stage 
shrinkage of the MI, resulting in an increase in volume of a MI bubble (e.g., Aster et al. 
2016). However, this eruptive cooling happens so quickly that it is unlikely to result in 
any significant crystallization of the MI or diffusion of volatiles from the MI into the 
vapor bubble (Watson et al. 1982; Anderson and Brown 1993).  
 
3.1.2 The Total Volatile Budget of MIs (Rehomogenization vs. In Situ Measurement) 
One method to determine the total volatile budget of MIs is to try to dissolve the 
vapor bubbles back into the magma (e.g., Skirius et al. 1990). Examples of reheating 
experiments on olivine-hosted basaltic MIs include the work of Wallace et al. (2015) and 
Schiavi et al. (2016) using a Vernadsky stage that allows for observation of the re-
homogenization, but is limited to single crystal experiments at 1 atm. Heating at one-
atmosphere is also possible using a gas-mixing furnace (e.g., Tuohy et al. 2016). This 
type of furnace can fix the oxygen fugacity to prevent oxidation of iron in the crystal and 
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also allows for inclusion of multiple crystals in each experiment, but it does not permit 
viewing of the samples during the experiment. The piston-cylinder apparatus is another 
option that requires a somewhat intensive experimental set-up, but it has the unique 
ability to run at high-pressure and is also capable of handling multiple crystals (e.g., 
Stefano et al. 2011). Mironov et al. (2015) additionally demonstrated the use of an 
internally-heated gas pressure vessel to re-hydrate and rehomogenize olivine-hosted MIs 
from a lava flow. This method also involves an intensive experimental set-up, but allows 
multiple crystals and the ability to achieve very high water pressures, which may be 
essential to achieving complete rehomogenization.  
An alternative approach to determining MI bubble contents is an in situ 
measurement of the vapor by Raman spectroscopy (e.g., Esposito et al. 2011; Hartley et 
al. 2014; Moore et al. 2015; Aster et al. 2016). In this method, the CO2 trapped in MI 
bubbles is measured separately from the volatiles dissolved in the magma. Raman 
analysis is a non-destructive technique that allows for an estimation of CO2 density based 
on the distance between two peaks recorded in the Raman spectrum called the Fermi diad 
(e.g., Rosso and Bodnar 1995). Higher CO2 vapor densities correspond with greater 
separation of the Fermi diad, and this relationship has been described by a fit that 
functions as a densimeter (e.g., Kawakami et al. 2003; Yamamoto and Kagi 2006; Song 
et al. 2006; Fall et al. 2011; Wang et al. 2011). Lamarid et al. (2017) demonstrated the 
importance of calibrating the densimeter for the specific Raman instrument employed by 
analysis of two or more samples of known CO2 density. 
There are challenges to both the rehomogenization and in situ measurement of MI 
vapor bubbles, and few studies provide comparison of both approaches applied to MIs 
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from a single eruption. Reheating to re-homogenize MIs can be difficult to achieve or 
ultimately end with exsolution of a new vapor bubble (e.g., Wallace et al. 2015). In 
olivine hosts, diffusion of water can occur on short timescales (e.g., Gaetani et al. 2012), 
resulting in water loss during reheating. Leaks along fractures and crystal failure are also 
common. The Raman method presents a different set of difficulties. Although H2O is not 
expected to be present in significant quantities in MI bubbles due to its greater solubility 
(e.g., Anderson and Brown 1993), Raman spectroscopy is generally not utilized to 
determine H2O content in MI vapor bubbles because water vapor appears at the same 
Raman shift value as water in the MI glass in the Raman spectrum (Moore et al. 2015). 
Additionally, there can be carbonate crystals on the rim of MI bubbles that may represent 
CO2 that was dissolved in the magma at the time of trapping, but the CO2 contribution 
from these crystals cannot currently be quantified using Raman (Moore et al. 2015). 
Finally, the mass balance calculation to reconstruct CO2 content using Raman 
spectroscopy requires precise volume measurements of the MI and vapor bubble. While 
these measurements can be made using high-resolution x-ray tomography (e.g., Pamukcu 
et al. 2013), they are more commonly estimated from observation under microscope, 
which may yield more error if the third dimension cannot be directly measured.   
Studies on basaltic MI vapor bubbles have consistently found evidence for a 
significant presence of CO2. In many cases, the majority of the total MI CO2 is in the 
vapor bubble. Raman studies on volcanoes ranging from Iceland (Hartley et al. 2014) to 
Hawai‘i, Alaska, and Guatemala (Moore et al. 2015), as well as the Cascades and Mexico 
(Aster et al. 2016) all calculated that at least 30%, and as much as 90%, of the total CO2 
content is sequestered in the MI vapor bubbles. Similar fractions of CO2 in MI vapor 
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bubbles have been found through rehomogenization of Hawaiian samples (Wallace et al. 
2015; Tuohy et al. 2016). Studying MIs from the same Hawaiian eruptions assessed by 
the Raman method by Moore et al. (2015), Tuohy et al. (2016) found rehomogenized 
CO2 contents consistent with the earlier results from Raman spectroscopy.  
An obvious conclusion from these Raman bubble measurements and MI 
rehomogenization experiments is that accurate estimation of pre-eruptive volatiles 
requires characterization and quantification of MI vapor bubbles to determine the entire 
volatile budget of MIs. The large CO2 contribution from vapor bubbles indicates higher 
entrapment pressures (i.e., MIs at deeper levels) and necessitates re-interpretation of the 
magma plumbing system. Because of the strong pressure dependence of CO2 solubility 
(e.g., Blank and Brooker 1994), even small differences in total CO2 content can have a 
large influence on estimated volatile saturation pressures. Notably, for nearly all of the 
samples in the MI bubble studies previously discussed, the CO2 content of the MIs 
without the contribution from the bubble was generally below ~500 ppm, and in most 
cases closer to 100 ppm or 200 ppm. These values are certainly on the low end of 
reported values for basalts from various tectonic settings (e.g., Wallace 2005; Wade et al. 
2006). A notable exception is the Aster et al. (2016) study, which presented samples with 
dissolved CO2 concentrations up to ~1500 ppm. Additionally, the Sunset Crater MIs that 
will be presented here have uniformly high CO2 contents up to ~3000 ppm (Allison et al. 
2015). It is unknown whether MIs with low dissolved CO2 content have significantly 
greater proportions of CO2 in their vapor bubbles compared to bubbles from CO2-rich 
samples. Analysis of MIs with high abundance of dissolved CO2 (i.e., carbon-rich glass) 
	 76	
like Sunset Crater provide an important test of whether high vapor bubble contents are 
universal and require drastic adjustment of entrapment pressures. 
 In this study, I determine and compare the volatile contents of Sunset Crater MI 
bubbles using both Raman spectroscopy and re-homogenization experiments. I 
additionally explore the calculation of volume limitations for bubbles formed post-
entrapment and how this can affect constraints on total volatile contents. This work 
serves a few different purposes. First, it allows for comparison between the two methods 
to evaluate which one has the highest potential for success in different MI populations. 
Second, this will be the first study to measure vapor bubbles in MIs with extremely high 
dissolved CO2 concentrations. Finally, this work provides a more detailed accounting of 
the volatile budget of the Sunset Crater eruption. 
 
3.2 Methods 
 
3.2.1 Samples 
 Tephra erupted during one of the most explosive phases of the Sunset Crater 
eruption (phase 3) was used as source material for this study. Free olivine crystals 0.5 
mm to 2 mm in diameter were picked from the tephra, and one split of crystals were set 
aside for use in rehomogenization experiments. The other crystals were mounted in 
epoxy and examined for high-quality MIs to be studied using Raman spectroscopy. The 
MIs were required to be glassy, greater than ~50 µm in diameter (often larger, depending 
on the placement of the vapor bubble), away from any cracks or irregularities in the 
crystal, and tens of micrometers from the crystal rim. Approximately 20% of olivine 
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crystals from Sunset Crater tephra contain viable MIs. MIs from Sunset Crater (Fig. 3.1) 
are commonly faceted, from ellipsoidal to full negative crystal shapes. All MIs contain 
one vapor bubble, with typical MI bubbles ranging in size from ~1 vol% to 10 vol% of 
the MI or ~3 vol% on average. Rarely, multiple vapor bubbles are present in a single MI.  
 
3.2.2 Rehomogenization Experiments 
3.2.2.1 Piston-Cylinder  
Rehomogenization experiments were first attempted in a QUICKpress non-end-
loaded piston cylinder apparatus in the High Pressure Facility (HPF) at Arizona State 
University (ASU). The method was based on Stefano et al. (2011) and modified as 
needed. For each experiment, approximately 25 to 50 free, euhedral olivine crystals from 
Sunset Crater tephra were loosely loaded into an MgO ceramic “cup” filled with graphite 
powder. The cup was placed in the center of a modified 19 mm NaCl-MgO-Pyrex 
assembly. A small 7.62 mm O.D. graphite furnace, typically used in 13 mm assemblies, 
and corresponding insulator were utilized in the 19 mm assembly to facilitate faster 
quench rates, and the resulting gap between the Pyrex furnace insulator and salt cell was 
filled with a sleeve of crushable MgO.  
 Heating and pressurization took place in four stages. The assembly was first 
pressurized to ~100 MPa, then simultaneously heated and pressurized to 250 °C and ~430 
MPa at rates of ~50 °C/min and ~60 MPa/min. Next, the assembly was pressurized to the 
maximum pressure of 600 MPa while the temperature drifted naturally without 
application of additional power to the furnace. The final stage was rapid heating at 
approximately 90 °C/min under isobaric conditions to reach the desired temperature. 
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Each experiment was held at maximum temperature and pressure for 15 min to 90 min, 
and then isobarically quenched. The maximum quench rate, ~97 °C/s, was attained 
shortly after power to the furnace was cut-off. Video analysis showed that quench rate 
subsequently decreased, but all experiments reached 800 °C within 7 s. The temperature 
and hold time of each experiment is summarized in Table 3.1.  
After quench and depressurization, the assembly was removed and opened to 
retrieve the crystals. Crystals were mounted in epoxy and optically examined to assess 
and identify complete rehomogenization. The experiment held at 1300 °C for 20 min 
contained the most promising MIs, but no experiment was completely successful at 
dissolving all MI vapor bubbles. High-quality MIs (see requirements in section 3.2.1) that 
were bubble-free at the end of these experiments were exposed and polished for analysis.  
 
3.2.2.2 Gas-Mixing Furnace 
Rehomogenization experiments were also attempted in a 1 atm Deltec gas-mixing 
furnace in the HPF at ASU. The experiments were conducted by modifying the 
procedures of Tuohy et al. (2016). Sixteen experiments were performed using free, 
euhedral olivine crystals from Sunset Crater. Varying suspension methods, heating 
routines, and quench techniques were employed to find optimal rehomogenization 
conditions. Full details can be found in Table 3.2. The preferred suspension method 
involved placing the olivine crystals into individual holes carved into a ~5 mm thick, ~16 
mm diameter MgO ceramic disk. The disk was covered by a ~2 mm thick MgO “lid”, 
secured with a thin Pt wire, and then suspended in the furnace using a Pt wire “bird cage”. 
The ceramic parts were pre-heated overnight at 1350 °C to strengthen the ceramic and 
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reduce the risk of shattering during quench. The most successful experiments were placed 
in the furnace at 1050 °C and brought to 1400 °C at a rate of 15 °C/min, held for 5 min at 
1400 °C, and then drop quenched. Several runs dropped into air formed a magnetite 
coating on the crystals. Other early experiments were drop quenched into water, but this 
would often result in the ceramic shattering and cracking of the olivine crystals. Use of 
liquid nitrogen facilitated a slightly slower quench rate than water, which generally 
prevented the shattering. The oxygen fugacity was maintained at ~2 log units below the 
Ni-NiO buffer by a CO-CO2 mixture.   
After each experiment, crystals were mounted in epoxy and examined for 
successful MI rehomogenizations, and the run conditions of the next experiment were 
adjusted based on the appearance of crystals in previous experiments. As was the case in 
the piston-cylinder experiments, no experiment resulted in complete dissolution of all MI 
vapor bubbles. High-quality (see requirements in section 3.2.1) bubble-free MIs from this 
set of low-pressure rehomogenization experiments were exposed and polished for 
analysis.  
 
3.2.3 Raman Spectroscopy 
3.2.3.1 CO2 Standards 
To correct for Raman instrument variability, any CO2 densimeter (e.g., Fall et al. 
2011) must be adjusted using CO2 standards analyzed on the specific Raman 
spectrometer used. In this study, pure CO2 gas was sealed in capillary tubes to create a set 
of synthetic inclusions for use as standards (e.g., Song et al. 2009). The CO2 standards 
were constructed in the HPF at ASU. Cylindrical capillary tubes 10 cm in length with an 
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internal diameter of 1.225 mm and wall thickness of ~0.25 mm were sealed at one end 
with an oxygen-acetylene torch. Each tube was weighed before attachment to a vacuum 
line. Small chips of dry ice (weighing a few milligrams) were loaded into the vacuum line 
and condensed in a liquid nitrogen trap as the source for CO2. Any remaining non-
condensable gas was pumped away. The CO2 gas was released from the trap using a bath 
of dry ice and ethanol (to keep any H2O present frozen in the trap) and re-condensed into 
a capillary tube using liquid nitrogen. The capillary tube was sealed and cut with the 
torch, and afterwards both pieces of the tube were weighed to determine the mass of 
added CO2. The seal on the capillary was optically examined and the mass was re-
measured after several days to ensure a proper seal. Four synthetic inclusions were made 
following this method. Length and inner diameter of the capillary tubes for volume 
calculations were precisely measured under magnification. The length of the sealed tubes, 
~4 cm, precluded their measurement in a heating-freezing stage. Attempts to measure the 
condensation temperature of CO2 in each capillary tube, as a secondary check on density, 
did not yield precise values. Additional capillaries either failed to seal properly, or, in one 
case, exploded as the CO2 liquid expanded while equilibrating to room temperature. 
These CO2 gas standards have densities between 0.008 g/cm3 to 0.133 g/cm3, which is 
consistent with the lower range of CO2 measurements of MI bubbles.  
 
3.2.3.2 Raman Analysis 
The Raman data were collected using a custom built Raman spectrometer in a 
180° geometry at ASU in the LeRoy Eyring Center for Solid State Science (LE-CSSS). 
The sample was excited using a 150 mW Coherent Sapphire SF laser with a 532 nm laser 
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wavelength. The laser power was controlled using a neutral density filter wheel and an 
initial laser power of 100mW. The laser was focused onto the sample using a 50X super 
long working distance plan APO Mitutoyo objective with a numerical aperture of 0.42. 
The signal was discriminated from the laser excitation using a Kaiser laser band pass 
filter followed by an Ondax® SureBlock™ ultranarrow-band notch filter and a Semrock 
edge filter. The data were collected using a Shamrock 750 spectrometer from Andor® on 
an Andor iDUS back thinned Silicon CCD cooled to -95 °C, and a 1200 mm-1 grating 
was utilized to achieve optimal spectral resolution while preserving signal strength. 
 A total of twenty high-quality MIs were polished to <30 µm from the MI vapor 
bubble and photographed with a petrographic microscope in preparation for Raman 
analysis. The MIs were specifically chosen to provide a representative sample of textural 
features observed in the Sunset Crater eruption (e.g., bubble volume, MI volume, MI 
shape). In addition to these MIs and the four CO2 standards, cyclohexane, naphthalene, 
and 1,4 bis (2-methylstyryl) benzene were also analyzed as calibration standards during 
each Raman session. For the MIs, the laser power at the sample was reduced to 6 mW (in 
isolated cases where the signal was low, the power was increased up to 12 mW), and five 
30 s scans were accumulated.  
 Raman spectra were first calibrated along the Raman shift axis using known 
values of the peaks of the three calibration standards (corresponding to 17 peaks in the 
measured range). Next, peak fitting was applied to the Fermi diad peaks for the CO2 
standards and MIs using a Gaussian-Lorentzian peak-fitting program, and preliminary 
CO2 densities were calculated using the Fall et al. (2011) densimeter. A linear fit was 
obtained to adjust the Raman-calculated CO2 densities of the capillary tube standards to 
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their true densities, and all of the MI vapor bubble densities were translated according to 
this fit.  
The total contribution of CO2 from the MI vapor bubble was calculated from the 
Raman data using a mass balance approach (e.g., Esposito et al. 2011; Moore et al. 2015). 
In addition to the bubble CO2 density, which is determined by the Raman analysis, this 
calculation requires the volumes of the MI glass and bubble, as well as the density of the 
MI glass and the CO2 concentration of the glass. Volumes were calculated from 
photomicrographs of the MIs, assuming the MI is an ellipsoid with a third axis 
intermediate between the long and short axes measured from the images. The volumes of 
MI bubbles were calculated assuming spherical geometry. The densities and CO2 
contents of the MI glasses were determined from the glass analyses as described in the 
next section (Glass and Olivine Analysis, Volatile Analysis). The mass balance 
calculations to calculate the total CO2 abundance of the MI are completed following these 
steps: 
1. Multiply the glass density by the glass volume to calculate the mass of the MI 
glass, then multiply this value by the CO2 concentration of the glass to obtain the 
total mass of CO2 in the MI glass; 
2. Calculate the mass of CO2 in the MI bubble from its density and volume; 
3. Divide the mass of CO2 in the bubble (#2) by the total mass of CO2 in the MI 
(glass + bubble; #1 + #2) to calculate the mass percent CO2 in the bubble; 
4. Divide the CO2 concentration in the MI glass by the value of one minus the mass 
percent of CO2 in the bubble (#3) to determine the reconstructed (glass + bubble) 
CO2 concentration.  
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3.2.4 Glass and Olivine Analysis  
3.2.4.1 Major Elements  
After rehomogenization or Raman analysis, MIs were analyzed for major 
elements using a Cameca SX100 Ultra electron microprobe at the University of Arizona. 
Each element was counted for 20 seconds (10 seconds for Na) using 15 keV accelerating 
voltage, 20 nA beam current, and a 15 µm spot size. Olivine compositions were measured 
at the same conditions using a focused beam. Compositions of naturally quenched 
inclusions studied by Raman were corrected for post-entrapment crystallization and Fe-
loss using Petrolog3 (Danyushevsky and Plechov 2011). These corrections were 
calculated using an oxidation state equal to the NNO buffer (Kilinc et al. 1983) and the 
olivine-melt equilibria model of Putirka (2005) which yields a Fe-Mg partitioning 
coefficient of ~0.3 at 1200 °C. The FeOT value of 11 wt% was selected from bulk rock 
data (Alfano et al. in review). The rehomogenized MIs were corrected for the effects of 
olivine dissolution and Fe-gain using the same parameters in Petrolog3.  
 
3.2.4.2 Volatiles 
H2O and CO2 contents of the MI glasses were determined by Fourier transform 
infrared spectroscopy (FTIR). MIs were doubly intersected and polished in preparation 
for transmission FTIR analysis. FTIR analyses were performed using a Nicolet iN10 MX 
instrument at the United States Geological Survey in Menlo Park. Spectra were collected 
between 5500-1000 cm-1 wavenumber for 45 seconds (128 scans) with high spectral 
resolution, and a background was collected before analyzing each sample to correct for 
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atmospheric volatile content. The aperture was carefully maximized for each inclusion 
according to the size of the doubly exposed spot on the inclusion to obtain an optimal 
spectrum.  
H2O and CO2 contents were calculated using the Beer-Lambert Law: 
C = MW ∗ Aρ ∗ ε ∗ 푑                                                                                                                  (3.1) 
where C is concentration in wt%, MW is the molecular weight of the absorbing species, 
A is the peak height (absorbance) of interest, d is sample thickness in cm, ρ is density of 
the sample in g/L, and ε is a molar absorption coefficient in L/mol-cm. Absorbances (A) 
were measured after subtraction of French-curve baselines drawn beneath each peak to 
reproduce the spectra of volatile-free samples. Thicknesses were determined using a 
Zygo ZeScope optical profilometer in the LE-CSSS at ASU. Density was calculated for 
each MI using the method detailed in Luhr (2001) wherein molecular partial molar 
volume contributions are totaled for a dry glass and density is adjusted iteratively based 
on water content. For water absorption at ~3500 cm-1, the absorption coefficient used was 
63 L/mol-cm for from Dixon et al. (1988). In rare cases where a near-IR peak at ~4500 
cm-1 was visible, the coefficient of 0.67 L/mol-cm from Dixon et al. (1995) was used. 
The near-IR peak for molecular water at ~5200 cm-1 was not able to be resolved in any of 
these spectra. In these basaltic glasses, CO2 is stored in the melt as CO3, and the CO3 
coefficient was calculated for the MI composition according to Dixon and Pan (1995), 
with an average value of ~320 L/mol-cm.  
Volatile contents were also corrected for olivine growth or dissolution at the rim 
of the MI using the results of the major element corrections. H2O, CO2, and K2O display 
incompatible behavior with olivine crystallization. After calculation of volatile contents 
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from FTIR spectra using Eq. 3.1, the ratio of analyzed and corrected K2O contents was 
used to adjust the volatile components for post-entrapment modification.   
 
3.3 Results 
3.3.1 Rehomogenization Experiments 
 Nine bubble-free MIs were selected from the four piston-cylinder 
rehomogenization experiments (Table 3.1), and eleven were selected from six of the 
sixteen experiments conducted in the gas-mixing furnace (Table 3.2). Reheated MIs 
located near fractures in the crystal were not selected for analysis. However, there were 
very few crystals with bubble-free MIs, so I was more lenient with the requirements for 
“high-quality” MIs. For example, I did analyze some reheated MIs that were likely re-
entrants or embayments because I was unsure if the MI glass fully extended to the edge 
of the crystal.  
 
3.3.1.1 Textures 
Reheated MIs are glassy, and similar in shape and size to unheated samples. The 
strong faceting observed in unheated samples (see Fig. 3.1) is reflected in the general 
shapes of reheated MIs, but the facets do appear to have rounded during heating. 
Reheated MIs also display a few distinct textures, shown in Fig. 3.2. Note that any cracks 
visible in the images in Fig. 3.2 occurred during sample polishing. A few reheated 
samples contain what appear to be micro-bubbles distributed throughout the MI (Fig. 
3.2a). Others, usually those that were reheated at the highest temperatures, have 
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crosshatched textures within the MI (Fig. 3.2b,d). Another texture observed in reheated 
MIs is a “puddle”-like feature surrounding the inclusion (Fig. 3.2c,d).  
 
3.3.1.2 Major Element Composition 
The average composition of all reheated MIs, corrected for olivine dissolution 
(Table 3.3), is a basalt with ~47.5 wt% SiO2 and Mg number 60. The corrected 
compositions of the MIs reheated in the gas-mixing furnace tend to be slightly more 
silica-rich (47.8 wt% SiO2 average) than those reheated in the piston cylinder (47.0 wt% 
SiO2 average). Most compositional differences observed in reheated MIs are in the alkali 
elements (Na2O and K2O). Some MIs reheated in the piston cylinder also differ from 
modal values of CaO, Al2O3, and TiO2. These compositional differences are most likely 
the result of the olivine dissolution correction calculations rather than originating from 
differences in the initial MI compositions. MIs reheated in the piston cylinder dissolved 
between 4.75 wt% and 22.61 wt% (12.30 wt% average) olivine during the reheating 
process. Olivine dissolution was slightly greater for MIs reheated in the gas-mixing 
furnace, ranging from 13.09 wt% to 22.23 wt% (17.36 wt% average). Uncorrected 
compositions for the reheated MIs are contained in Appendix B.  
Olivine compositions, measured both near the crystal rim as well as next to the 
MI, range between Forsterite 81 and 85, with an average value of Fo 83. Olivine crystals 
generally do not display any zoning, although a few crystals are normally zoned, with a 
maximum Fo content difference between the core and rim of 3 (e.g., Fo 84 core and Fo 
81 rim).  
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3.3.1.3 Volatile Contents 
Nine of the eleven analyzed MIs that were reheated using the gas-mixing furnace 
were completely devoid of volatiles. The other two MIs reheated in the gas-mixing 
furnace (H-12 and H-20) appeared to contain some H2O, but the FTIR spectra were poor 
quality and thus volatile concentrations could not be measured.  
Only five of the nine MIs analyzed from piston cylinder rehomogenization 
experiments contained dissolved volatiles in concentrations that could be measured from 
FTIR spectra. MI H-07 from the piston cylinder rehomogenization experiments was lost 
during the wafering process to prepare for FTIR analysis and so its glass volatile contents 
could not be measured. The FTIR spectra for MIs H-06 and H-08 were poor quality and 
so volatile concentrations could not be measured, though their spectra indicated some 
amount of absorption at the total water peak. Finally, MI H-01 may contain both H2O and 
CO2, but the sample had to be very thin (~15 µm) to doubly expose the inclusion. The 
resulting FTIR spectra for sample H-01 was overwhelmed by interference fringes, so 
absorbances could not be determined.   
After adjustment for post-entrapment olivine dissolution, calculated H2O contents 
from the five MIs from the piston cylinder rehomogenizations range from 0.60 wt% to 
1.19 wt% and CO2 contents are between 567 ppm to 3115 ppm (Table 3.4). The highest 
H2O and CO2 contents were measured in different MIs, however these two MIs were 
reheated in the same experiment.  
 
3.3.2 Naturally Quenched (Unheated) Inclusions 
3.3.2.1 Major Element Composition 
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The average composition of the natural MIs, corrected for post entrapment 
crystallization (Table 3.3), is an alkali basalt with ~47.1 wt% SiO2 and Mg number 60. 
The concentration of each major element is relatively uniform for all natural MIs. Post 
entrapment crystallization experienced by these MIs is minor, from 4.45 wt% to 10.52 
wt% (7.79 wt% average). Uncorrected compositions for the naturally quenched MIs are 
contained in Appendix B.  
Olivine compositions, measured both near the crystal rim as well as next to the 
MI, range between Forsterite 80 to 86, with an average value of Fo 83. Crystals are not 
typically zoned but in some cases show slight normal zoning, similar if not identical to 
the reheated crystals described above.   
 
3.3.2.2 Bubble Characteristics and CO2 Densities 
Vapor bubbles are ubiquitous in MIs from the Sunset Crater eruption. In most 
cases there is a single vapor bubble, either located near the center or along the edge of the 
MI. For samples that contain multiple MIs in the same crystal, the bubble sizes (volume 
fractions of their host MIs) often vary for each MI in the crystal. 
 All vapor bubble data is listed in Table 3.5. The volumes of vapor bubbles in 
natural MIs were determined using photomicrographs. The bubbles range from 0.79 vol% 
to 6.09 vol% of the MI, with an average value of 2.36 vol%. CO2 vapor densities of the 
bubbles, determined by Raman spectroscopy, range from 0.132 g/cm3 to 0.293 g/cm3, 
with an average value of 0.222 g/cm3. Details of the Raman analysis, such as calibration, 
capillary analysis, and Fermi diad separations, are contained in Appendix B. No 
correlation is observed between bubble size and bubble density. More than half of the MI 
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bubbles contained a peak in the Raman spectra consistent with the presence of CaCO3 
crystals. Detection of these small crystals is highly sensitive to laser focus, so it is 
possible that calcite crystals were undetected in some MIs.  
 
3.3.2.3 Glass Volatile Contents 
After adjustment for post-entrapment crystallization, volatile contents measured 
in MI glasses by FTIR range from 0.67 wt% to 1.46 wt% for H2O and 1189 ppm to 3142 
ppm for CO2 (Table 3.4). Average values are 1.18 wt% H2O and 2295 ppm CO2. One MI 
(a-03) was lost during the wafering process to prepare for FTIR analysis and therefore its 
glass volatile contents could not be measured.  
 
3.3.2.4 Total CO2 Contents 
Combining the bubble and glass CO2 data, total CO2 contents range from 2643 
ppm to 6519 ppm, with an average value of 4309 ppm (see Table 3.5). For MIs with 
bubbles smaller than ~3 vol% of the MI, a linear trend (Fig. 3.3) is observed between the 
concentration of CO2 in the bubble (represented as a mass fraction of the total MI) and 
the bubble vol% (% the total MI volume) such that: 
CO2 (ppm) in bubble = 879.43 * Bubble Vol% - 154.07; R2 = 0.91.       (3.2) 
Note that sample a-03, the MI for which no glass volatile contents have been calculated 
because it was lost during wafering, has not been included in the calculation of this trend. 
For bubbles larger than 3 vol% of the MI, Eq. 3.2 is not valid, and no correlation is 
observed. This equation is useful for correcting other MIs from this eruption for which 
Raman bubble analyses are not available.  
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The contribution of the CO2 in the vapor bubble can also be considered in relation 
to the entire MI CO2 budget (Fig. 3.4). The percentage of the total CO2 content of the MI 
that is contained in the vapor bubble ranges between 20% and 77%, but for the majority 
of MIs the amount is 50% or less. The contribution of CO2 in the vapor bubble shows a 
bi-modal distribution. Roughly half of the MIs cluster near 35%, whereas there is another 
small cluster near 55%. The percentage of total MI CO2 in the vapor bubble against the 
bubble vol% (of the total MI volume) shows a positive linear correlation. This systematic 
relationship indicates that larger vapor bubbles, identified by volume percentage of the 
total MI volume, contain a greater percentage of the total MI CO2.  
 
3.4 Discussion 
 
 First, I will discuss how to classify bubbles by their formation mechanism using a 
model to calculate the size of bubbles that can be formed from post-entrapment processes. 
Next, I use this model and the results obtained from Raman spectroscopy to quantify the 
volatile budget of the Sunset Crater eruption. Finally, I compare the two methods that I 
applied in this study to quantify MI vapor bubbles.  
 
3.4.1 Bubbles Formed by Post-Entrapment Crystallization and Shrinkage 
3.4.1.1 Modeling MI Bubble Volumes 
Bubble growth in a MI due to cooling-related processes is dependent on the 
volume of post-entrapment crystallization (e.g., Steele-MacInnis et al. 2011) and the 
amount of thermal contraction of the melt compared to thermal contraction of the crystal 
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host (Sorby 1858; Roedder 1979). Aster et al. (2016) explore these processes in a three 
stage modeling approach. First, the bubble volume formed due to post-entrapment 
crystallization is calculated. Second, the bubble volume generated during syn-eruptive 
cooling of the melt via thermal contraction is calculated. Third, thermal contraction of the 
olivine host, which reduces the net volume available for the bubble, is calculated for both 
post-entrapment and syn-eruptive cooling. The combination of these three calculations 
results in an estimate of the maximum bubble size associated with these processes.	 
The temperature of the melt at the time of entrapment, as well as its temperature 
just before the onset of eruption, can be estimated from post-entrapment crystallization 
calculations. A pre-eruption bubble volume is calculated from the difference in liquid and 
olivine densities at these two temperatures. The difference in density between the glass 
transition temperature and the eruption-onset temperature is used to calculate syn-
eruptive thermal contractions. Liquid densities are calculated using partial molar volume 
coefficients listed in Lange and Carmichael (1990). Olivine densities are calculated using 
the volume at ambient temperature of 43.95 cm3/mol from Kumazawa and Anderson 
(1969) and adjusted for temperature by thermal expansion coefficients from Suzuki 
(1975).  
I make minor changes to the Aster et al. (2016) model to interpret my dataset. Full 
details of the model can be found in Aster (2015) and Aster et al. (2016), and thus I will 
not reproduce it in its entirety here. However, I will briefly describe my modifications, 
and an example of the calculation is provided in Appendix B with the results of the model 
shown in Fig. 3.5.  
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The first modification involves the calculation of MI pressure. Aster et al. (2016) 
calculated the pressure of the starting primitive MI composition using the VolatileCalc 
solubility model (Newman and Lowenstern 2002). I instead use the solubility model 
described in Chapter 2 of this dissertation as it was specifically designed to describe 
alkali basalt compositions, like the Sunset Crater magma, at pressures characteristic of 
the Sunset Crater MIs.  
Another adjustment involves the glass transition temperature. Aster et al. (2016) 
calculated the glass transition temperature according to water content using a logarithmic 
curve fitted to experimental data for basalt from Giordano et al. (2005). Aster et al. 
(2016) used the data from experiments heated and cooled at 20 °C/min, which was the 
maximum rate applied by Giordano et al. (2005). For water contents typical of the MIs in 
this study, this fit yields ~500 °C. I expect that free olivine crystals erupted during the 
explosive phases of the Sunset Crater eruption experienced a cooling rate much faster 
than 20 °C/min, which should result in higher glass transition temperatures. I explore the 
sensitivity of my results to glass transition temperature in the next section.  
There are two other possible alterations to the Aster et al. (2016) model 
concerning the role of water that merit discussion. When calculating liquid densities, 
Aster et al. (2016) did not explicitly state whether water was considered in the calculation. 
The partial molar volume coefficients for H2O had not been investigated at the time of 
the Lange and Carmichael (1990) publication that was cited by Aster et al. (2016) for 
density calculations. Additionally, Aster et al. (2016) used an unspecified version of 
rhyolite-MELTS (Gualda et al. 2012) to perform crystallization calculations. Rhyolite-
MELTS version 1.2.0 (Gualda et al. 2012) is tailored to mafic compositions that include a 
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mixed fluid phase, but version 1.0.2 could be more appropriate if the role of H2O is 
ignored.  
If I include the partial molar volume coefficients for water from Ochs and Lange 
(1999) to calculate liquid densities, an interesting effect is observed. At the lowest 
degrees of post-entrapment crystallization (smallest temperature drops), the thermal 
contraction of the olivine host is greater than the volume generated by post-entrapment 
crystallization plus thermal contraction of the melt, producing a net volume loss and thus 
predicting no space for bubble formation. I do not know the manner in which the crystal 
shrinks, nor do I know how much, if at all, that contraction would impinge upon the MI 
itself. One consequence, however, of this possible net volume loss could be over-
pressured MIs. This effect is not observed if water is excluded from the density 
calculations because the anhydrous densities are higher, yielding smaller melt volumes.  
Ultimately, because water has such a strong effect on magmatic properties, here I 
employ the water dependent calculations. To avoid the estimation of negative volume 
fractions, when performing the crystallization calculations in rhyolite-MELTS version 
1.2.0 (Gualda et al. 2012), I apply 35 °C temperature steps to calculate bubble volumes 
from post-entrapment crystallization rather than the 20 °C steps used in Aster et al. 
(2016). I then calculate linear fits to these data to determine the relationship between 
bubble size fraction and ΔT (Fig. 3.5). Notably, according to the post-entrapment 
crystallization corrections, none of the unheated crystals experienced post-entrapment, 
pre-eruptive cooling of less than 35 °C, so the possibility of net volume loss is not 
something I need to consider in my samples. 
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3.4.1.2 Effect of Glass Transition Temperature 
The glass transition temperature of a silicate liquid is dependent on a few different 
factors, including water content and cooling rate (e.g., Giordano et al. 2005). Therefore, 
to determine realistic glass transition temperatures for MIs, I first must explore cooling 
rates appropriate for the dynamics of this eruption. Then I can extrapolate the data in 
Giordano et al. (2005) to the applicable cooling rates to calculate glass transition 
temperatures.  
First, I consider how the cooling of a MI is related to the cooling of its host crystal. 
I use a simple 1-D model for heat conduction in a convectively cooled sphere 
(Recktenwald 2006) to assess this process. The model requires input variables of thermal 
diffusivity, thermal conductivity, and heat transfer. I utilize a value for thermal 
conductivity in olivine of 2.5 W/K-m from Xu et al. (2004). Thermal diffusivity in 
olivine varies by crystallographic axis, and for the slowest direction, Pertermann and 
Hofmeister (2006) give a value of 1 mm2/s. Finally, I select a heat transfer coefficient of 
120 W/m2-K for a basaltic pyroclast from Stroberg et al. (2010) because the olivine 
crystals are often covered in a very thin film of glass. For a 1 mm radius sphere, the 
cooling of the center of the sphere lags behind the surface cooling only by ~0.15 s. I 
therefore assume that MIs cool at approximately the same rate as the surface of their 
olivine crystal hosts.  
Next, I examine the cooling rate of a free crystal in a sub-Plinian basaltic plume. 
There are two end-member possibilities for cooling of the crystal. First, the crystal may 
cool entirely within a vertical path along the centerline of the column. To calculate this 
cooling rate, I estimate vertical velocity based on typical mass eruption rates, and thermal 
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gradients in similarly sized plumes. For the eruption of Sunset Crater, a sub-Plinian 
eruption with a ~25 km high plume during its most explosive phase, a vertical velocity of 
~100 m/s is reasonable. Hort and Gardner (2000) modeled volcanic plumes of similar 
size and eruptive properties as Sunset Crater. Using an eruption temperature of 1100 °C, 
Hort and Gardner (2000) calculated the temperature within the eruptive column to be 
~400 °C at 2 km. Assuming this temperature gradient and the 100 m/s velocity yields a 
cooling rate of 70 °C/s. If the velocity of the crystal slows to ~50 m/s as it rises, as 
indicated by Hort and Gardner (2000), an average cooling rate during its 2 km rise 
through the plume would be closer to ~40 °C/s.  
Crystal and MI cooling could be much faster for material that is erupted along the 
periphery of the vent. In an eruption plume, due to turbulent mixing with the ambient 
atmosphere, the edges of the eruption plume could be much cooler than the centerline, 
potentially reaching temperatures as low ~450 °C just tens of meters above the vent (e.g., 
Valentine and Wohletz 1989; Allard et al. 2005). This means that for a crystal traveling at 
100 m/s, the quench rate could range from 650 °C/s to as high as 6,500 °C/s. Essentially, 
depending on the values assumed for eruptive properties, cooling rates could vary over 
multiple orders of magnitude, from ~40 °C/s to 6,500 °C/s.  
Finally, the glass transition temperature (Tg) can be extracted from the relaxation 
curve of a silicate liquid, which is viewed on a plot of the log of quench rate (°C/s) vs. 
10,000/Tg. The relaxation curve of an arbitrary silicate liquid is plotted in Fig. 3.6 after 
Wilding et al. (2000). I fit glass transition temperature data for a basaltic composition 
with 1.13 wt% H2O from Giordano et al. (2005) to produce the following expression (Fig. 
3.6): 
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Log10 quench rate = -2.2575 * (10,000/Tg) + 28.219; R2 = 0.8915.       (3.3) 
In Eq. 3.3, the quench rate is in °C/s or K/s, and Tg is in K. For the estimated cooling 
rates for Sunset Crater MIs, Eq. 3.3 yields glass transition temperatures between 575 °C 
(40 °C/s) and 651 °C (6,500 °C/s). I note that Giordano et al. (2005) also conducted 
experiments for basalt containing 1.64 wt% H2O. Glass transition temperatures for the 
1.13 wt% H2O composition were calculated for four different heating and cooling rates 
(5 °C/s, 10 °C/s, 15 °C/s, and 20 °C/s), but only three rates were applied to the 1.64 wt% 
H2O composition. This is why I utilize the data from the 1.13 wt% H2O composition, but 
I note that a linear fit for the 1.64 wt% H2O dataset yields very similar glass transition 
temperatures to those derived from Eq. 3.3.  
Using the modified Aster et al. (2016) model, I can calculate maximum bubble 
size fractions for the different cooling rates. Bubble size fractions (Fig. 3.5) are calculated 
according to the pre-eruptive temperature change (ΔT), referring to the temperature drop 
experienced by the MI post-entrapment and pre-eruption as determined by post-
entrapment crystallization calculations. I compare bubble volumes calculated for the 
average ΔT recorded in the unheated MIs of ~90 °C, however note that the maximum 
bubble volume does not vary dramatically for different values of ΔT (see Fig. 3.5).  
Figure 3.5 illustrates the maximum bubble size calculated by the modified Aster 
et al. (2016) model according to ΔT for two possible glass transition temperatures. The 
dashed lines in Fig. 3.5 represent the bubble volume formed during pre-eruptive cooling, 
and the solid lines indicate the maximum bubble volume from crystallization and 
shrinkage both pre- and syn-eruption. For a glass transition temperature (Tg) of 651 °C, a 
post-entrapment bubble could reach a maximum size of ~2.7 vol%. For a slow cooling 
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rate of 40 °C/s and corresponding Tg of 575 °C, the maximum post-entrapment bubble is 
~3.2 vol%. While this is not a large difference in bubble sizes, it does correlate to a ~0.07 
vol% larger bubble per 10 °C decrease in glass transition temperature.  
 
3.4.2 Magma Storage at Sunset Crater Volcano 
 Because I expect the path of a crystal completely free of scoriaceous material to 
have quenched very rapidly, away from the centerline of an eruption column, I favor a 
glass transition temperature closer to 650°C. Based on the average ΔT of 90 °C and this 
glass transition temperature, the corresponding bubble volume calculation of the 
modified Aster et al. (2016) model suggests that bubbles in Sunset Crater MIs smaller 
than ~2.6 vol% formed post-entrapment from cooling-related processes. I use the Raman 
data (i.e., Table 3.5 and Fig. 3.4) to correct bubbles within this volume limit. Figure 3.4 
shows the relationship between the percentage of the total MI CO2 content that is 
contained in the vapor bubble vs. the vol% of the bubble (as estimated from the total 
volume of the MI). Using these criteria, the data shown in the pink symbols provide a 
good estimate of the total original dissolved CO2 content in the MIs (12 of the 19 MIs 
analyzed). The remaining samples (open symbols) have bubbles that occupy more 
volume than predicted by the model of Aster et al. (2016).  
I now consider the CO2 contents of MIs with bubbles that are too large to have 
formed solely from post-entrapment crystallization and shrinkage (Fig. 3.4, open 
symbols). There are seven MIs from Sunset Crater studied with Raman spectroscopy 
containing bubbles in excess of 2.6 vol%. As shown in Fig. 3.7a, vapor bubbles contain 
significant CO2 and uncorrected MIs likely underestimate the amount of CO2 originally 
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dissolved in the MI. To correct MIs with co-entrapped vapor, I can estimate the amount 
of CO2 in the bubble that was originally dissolved in the melt versus the amount co-
entrapped as vapor (Fig. 3.7b). The average mass fraction of CO2 in the vapor bubbles for 
Sunset Crater MIs that meet the post-entrapment bubble volume limit is 36%. I can 
therefore assume that MIs with vapor bubbles that are just beyond the maximum post-
entrapment bubble volume also likely lost approximately 36% of their initial CO2 to their 
bubbles, and that any additional CO2 present in the bubble was co-entrapped with the MI.  
Sample a-19, however, has the largest vapor bubble (6.1 vol%) and requires 
additional consideration. Steele-MacInnis et al. (2017) advised that bubbles formed by 
stretching, leakage, and/or decrepitation of the MI would be larger, but have a lower 
density than other bubbles in the same samples. The bubble in MI a-19 meets these 
criteria as it is much larger than the bubbles in the other MIs and also has one of the 
lowest CO2 densities measured. I cannot estimate the initial CO2 content of an inclusion 
that leaked post-entrapment, and so I exclude MI a-19 when discussing the volatile 
budget of Sunset Crater (Fig. 3.7b).  
As confirmation of the validity of these corrections, I examine a model of CO2 
segregation from basaltic MIs from Steele-MacInnis et al. (2017). In this model, the 
quantity of CO2 that segregates from basaltic MIs into vapor bubbles during post-
entrapment crystallization is calculated assuming different proportions of co-entrapped 
vapor. The average MIs from Sunset Crater experienced ~8% post-entrapment 
crystallization, and if no co-entrapped vapor was present, the Steele-MacInnis et al. 
(2017) model calculates a corresponding CO2 loss of 54% of its initial abundance to a 
vapor bubble. In contrast, a MI trapped with 5 vol% vapor would lose just 14% of its 
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total CO2 to a bubble at these same conditions (Steele-MacInnis et al. 2017). All but one 
of the Sunset Crater MIs contain bubbles smaller than 4 vol%, indicating initial trapped 
vapor <5 vol%. Based on volume, the Sunset Crater vapor bubbles should therefore 
contain between 14% and 54% of the total MI CO2 content. The determinations of CO2 in 
MI vapor bubbles from Sunset Crater match this range very closely (Fig. 3.4). Sample a-
19 contains a much larger proportion of CO2 in its bubble, corroborating the conclusion 
that it likely experienced leakage prior to its eruption.  
 If the bubble contents are accounted for as described above and shown in Fig. 
3.7b, total original dissolved MI CO2 contents range from ~2600 ppm to 4500 ppm. The 
average is nearly 1400 ppm more CO2 compared to the average value of CO2 contents 
that are uncorrected for vapor bubble contributions. This increase in CO2 results in deeper 
calculated entrapment depths (depths of magma storage) and has a strong influence on 
the overall interpretation of the eruption (see Chapter 4).  
 In addition to the impact on magma storage depth, the Raman bubble results have 
other important implications for the eruption. The results suggest the presence of 
exsolved CO2 vapor at the time of MI entrapment, which likely affected the dynamics of 
the eruption. Additionally, the measurements reveal that the total CO2 content in the 
magma at MI entrapment, including both the dissolved content in the melt and exsolved 
vapor, ranges up to 6500 ppm. This indicates that the volatile budget of the volcano was 
much more CO2-rich than what was estimated solely from MI glass. 
One possible caveat to these corrections is that bubble volume model calculation 
demonstrates that differences in bubble size in MIs can sometimes be accounted for by 
diverse cooling histories of the crystal (i.e., different values of Tg) rather than the 
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formation mechanism of the bubble. However, if differences in MI bubble volume 
fractions were due to the cooling history of the crystal alone, bubbles in MIs hosted 
within the same crystal would have very similar volume fractions (e.g., Anderson and 
Brown 1993). In the Sunset Crater samples, the bubbles of multiple MIs hosted in a 
single crystal do not always exhibit equal volume fractions. This indicates that the 
formation mechanism is affecting MI bubble volumes in these samples and that some MI 
bubbles do contain co-entrapped vapor.  
I next compare these results to previous studies of MI vapor bubbles. Previous 
studies of olivine-hosted basaltic MIs found between 50% and 100% (most >90%; 
Hartley et al. 2014), 40% and 90% (Moore et al. 2015 and Wallace et al. 2015), 30% and 
90% (Aster et al. 2016), or 55% to 85% (Tuohy et al. 2016) of the total CO2 content of 
the MI in the bubble. Aside from some MIs in the Aster et al. (2016) study, the CO2 
content of the MI glass in these other samples was below ~500 ppm, and usually closer to 
100 ppm or 200 ppm. The Sunset Crater magma is much more CO2-rich, with between 
~1700 ppm and 3100 ppm CO2 in the MI glass for inclusions with bubbles formed by 
shrinkage and post-entrapment crystallization. In the MIs with post-entrapment bubbles 
from Sunset Crater (Fig. 3.4, pink symbols), I find between 20% and 55% of the total 
CO2 content of the MI in the bubble. These percentages from the Sunset Crater samples 
are uniformly lower than what was found in the previous studies. Despite this difference, 
the mass fraction (ppm of the MI mass) of CO2 found in post-entrapment MI bubbles at 
Sunset Crater, between 600 ppm and 2000 ppm, is similar to what was recorded in the 
other studies. These results indicate that in a CO2-rich magma, a smaller proportion of the 
total CO2 mass of the MI sequesters into a vapor bubble compared with samples 
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containing less CO2 in the MI glass. However, the masses of CO2 in MI bubbles are not 
related to the MI glass contents.  
 
3.4.3 Comparison of Methods 
 To quantify the total volatile budget of MIs, I prefer the Raman spectroscopy 
technique to rehomogenization. One reason is that there are numerous variables that must 
be optimized to complete successful rehomogenization experiments. Different 
combinations of variables will be required for different samples, so there is not one 
simple recipe to follow for successful rehomogenization. On the other hand, the Raman 
technique, though still fairly novel, has been developed into a fairly straightforward 
procedure through the efforts of many recent studies (e.g., Hartley et al. 2014; Moore et 
al 2015; Aster et al. 2016; Lamadrid et al. 2017). With the Raman technique, I calculate 
bubble CO2 densities and masses for all MIs studied, and therefore estimate total CO2 
contents higher than those acquired from MI glass analysis alone. On the other hand, I 
was unable to measure increased MI glass CO2 contents via rehomogenization using 
either experimental apparatus, and this result suggests that the technique is not well suited 
to my goals.  
 
3.4.3.1 Methodological Considerations: Rehomogenization 
For successful rehomogenization, the quench rate, heating rate, maximum 
temperature, length of experiment, and ambient pressure are each important variables that 
must be considered. I attempted many unique rehomogenization experiments, changing 
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each of these variables across the various runs, but was ultimately unsuccessful with any 
combination of experimental procedures.  
First I consider quench rate. Dropping the crystal directly into water from the gas-
mixing furnace, for example, provided the fastest quench rate, but often caused the 
crystal to crack, rendering them unusable. I also conducted drops into air and liquid 
nitrogen in the gas-mixing furnace experiments. There was no thermocouple attached to 
the sample container to quantify the exact quench rates of the gas-mixing furnace 
experiments, but the drop-quench methods should be very fast (>150 °C/s). The piston 
cylinder runs likely experienced the slowest quench rates (~97 °C/s) of all experiments, 
because they had to be quenched by cutting power to the furnace and could not be 
dropped from the apparatus.  
 I also varied the heating rate in rehomogenization experiments. Schiavi et al. 
(2016) investigated a variety of different heating rates and determined that MIs heated at 
slower rates (~20 °C/min) had lower temperatures of homogenization, referring to the 
temperature at which the vapor bubble is resorbed. I therefore applied a number of 
different heating rates in the gas-mixing furnace experiments, from nearly instantaneous 
heating to slow rates of 10 °C/min. Overall, I did not see significant differences in the 
physical process of bubble resorption from different rates, except that I found only one 
bubble-free MI from the runs that were heated instantaneously, which came from an 
experiment held at 1400 °C for 30 min. I cannot comment on how the different heating 
rates affected CO2 resorption, because the MIs from the gas-mixing furnace experiments 
did not retain their volatiles and the piston cylinder experiments all underwent similar 
heating rates because of the limitations of the apparatus.  
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 However, the maximum temperature and length of piston cylinder experiments 
were varied and provide some interesting results. MIs H-04 and H-09 were held at 
moderate temperature (1333 °C) for a short period of time (15 min) and had the highest 
amount of volatiles. MI H-03 had the lowest measurable volatile content of the 
rehomogenized MIs. It was held at the maximum experimental temperature for only 15 
min, but this temperature (1400 °C) that was likely too far above the liquidus of the melt.  
 Finally, I conducted experiments at pressures of 1 atm and 600 MPa. Essentially 
all of the MIs reheated in the gas-mixing furnace at 1 atm lost all of their volatiles, which 
indicates that for CO2 concentrations at these high levels, both pressure and temperature 
is required for rehomogenization (e.g., Schiavi et al. 2016). However, running an 
experiment at high pressure makes it impossible to observe the bubble resorption, making 
it challenging to determine appropriate heating rates and maximum temperatures for 
successful rehomogenization.  
 
3.4.3.2 Methodological Considerations: Raman 
Accurate results from Raman spectroscopy require both appropriate spectral 
resolution and reliable CO2 standards. In order to accurately peak-fit the Fermi diad, each 
peak must consist of >4 points (e.g., Aster et al. 2016). The focal length of the 
spectrometer and the density of the grating used to disperse the light are the two primary 
factors that determine the spectral resolution. Most Raman MI bubble studies use 800 
mm spectrometers and gratings of at least 1200 mm-1 (e.g., Moore et al. 2015; Aster et al. 
2016). Denser gratings yield lower signal, and so it is important to optimize signal by 
polishing the sample to within ~30 µm of the bubble so that the laser does not have to 
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travel through a lot of material before reaching the vapor. I was able to achieve good 
spectral resolution and signal following these protocols. As for CO2 standards, there are a 
few different options for calibration of Raman CO2 densities. CO2 vapor standards, such 
as the ones utilized in this study, can be manufactured or purchased. While it took some 
effort to construct the standards, these same standards can continue to be utilized for 
future MI Raman studies. Alternatively, specific samples could be analyzed using an 
instrument with existing CO2 standards. Then, using the CO2 densities obtained during a 
calibrated session, these samples could be saved for analysis on other instruments as CO2 
standards. Another option for a CO2 standard is the purchase or manufacture of a CO2 
pressure cell. With reliable CO2 standards, repeated analysis of one sample across 
different instrumental sessions should yield the same CO2 density.  
 
3.4.3.3 Differences in Results: Rehomogenization 
Overall, I did not have much success in rehomogenizing MIs to resorb vapor 
bubbles in this CO2-rich magma. My reheated inclusions display volatile contents equal 
to or lower than the glass contents of unheated samples. This suggests that although they 
were not visible under magnification, micro-cracks were present in the crystals, which 
allowed for CO2 to escape from the MI completely. H2O may have also left the MI in this 
manner, but it can additionally diffuse through the olivine crystal during reheating (e.g., 
Gaetani et al. 2012).  
One process that can occur during rehomogenization is re-formation of a vapor 
bubble upon quench (e.g., Wallace et al. 2015). Because pressure was required for 
rehomogenization in my samples, I could not observe the reheating process to determine 
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whether vapor bubbles were resorbed and then reappeared upon quench. However, there 
is not any strong evidence that the post-reheating bubble-bearing inclusions in my 
samples resorbed their bubbles during heating; the bubbles present in reheated MIs were 
similar in size to those in unheated, natural samples. Additionally, the melt in these 
samples already contains a large quantity of CO2. This is a significant obstacle that may 
prevent the melt from dissolving additional CO2 from MI vapor bubbles, making it 
unlikely that the bubbles were ever completely resorbed. The samples studied by Wallace 
et al. (2015) with re-formed vapor bubbles contained less than 200 ppm CO2 in the 
unheated MI glasses, and so additional CO2 from the vapor bubble was more readily 
resorbed. While it is possible that bubble-bearing reheated inclusions would yield higher 
CO2 contents consistent with bubble resorption during heating, these values may not 
accurately represent the total volatile budget. CO2 could be present within the re-formed 
vapor bubble. Consequently, even if complete resorption were observed (during heating 
stage experiments), it would be impossible to confirm that no significant volatile 
concentration was contained in a re-formed bubble without analysis via Raman 
spectroscopy, requiring yet another step in the complicated rehomogenization process.  
There are two other potential complications for the total volatile budgets 
calculated by the rehomogenization method. First, the volume of the MI increases during 
reheating as it dissolves and incorporates the surrounding olivine, diluting the total 
volatile content of the MI because there is no H2O or CO2 in the absorbed olivine. To 
correct for this dissolution, the ratio of original (corrected) and measured content of 
another incompatible component (K2O) serves as a proxy for volatile dilution. In my 
samples, however, the compositions of some heated inclusions, after correction for 
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olivine dissolution, are inconsistent with the compositions of unheated MIs corrected for 
post-entrapment crystallization. Because there is very little variation in the unheated MI 
compositions after correction for post-entrapment crystallization, I believe that the 
original compositions of the heated inclusions are not accurately reflected by the 
corrections, meaning that the adjustment of the measured volatile concentrations based on 
these corrections is also inaccurate. Second, because the methods I utilized for 
rehomogenization are most successful with euhedral crystals, it is not possible to analyze 
the size of bubbles prior to reheating. As previously discussed, not all vapor bubbles form 
post MI entrapment, and the volume fraction is the primary measurement that indicates if 
a bubble formed post entrapment. Analysis of samples with resorbed bubbles that include 
co-entrapped vapor would yield an overestimate of total CO2 content of the magma at the 
time of MI entrapment.  
 
3.4.3.4 Differences in Results: Raman 
I had much better results using the Raman technique. I was able to calculate CO2 
densities for all MI bubbles analyzed with the Raman spectrometer. There are, however, 
two important details that can affect the results obtained by the Raman method.  
One of the most common issues encountered with Raman data involves 
uncertainty in peak fitting noisier spectra. A clearer spectrum may be obtained after 
further sample polishing, increasing the laser power, or by changing the counting time or 
number of accumulations during collection. An alternative, if an optimal spectrum cannot 
be obtained, is to use additional peaks to fit the background noise.  
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 Second, the Raman method requires a calculation of the volume fractions of the 
MI vapor bubbles. Any errors in the volume calculation will also be reflected in the 
reconstructed CO2 values. One analytical technique that could provide the most accurate 
estimate of the full 3D MI volume is x-ray microtomography (e.g., Pamukcu et al. 2013), 
although I did not pursue this method for my samples. I estimated the third dimension of 
the MIs to calculate volumes. However, all of my MIs are faceted, including some full 
negative crystal shapes, whereas I am calculating volume based on a purely ellipsoidal 
shape. Therefore, I expect that some of the error in the third dimension estimation was 
counteracted by the error produced from the ellipsoid assumption. An added benefit of 
analyzing bubble volumes is that it allows identification of vapor bubbles that are too 
large to be bubbles formed post-entrapment. Inclusion of co-entrapped vapor bubbles 
would result in an overestimate of the total dissolved CO2 content at the time of 
entrapment. Use of the Raman technique allows for large MI bubbles to be treated 
separately such that co-entrapped vapor can be excluded from the total dissolved CO2 
budget.  
 The results obtained using the Raman technique do not include changes in H2O 
content due to bubble formation or contribution of CO2 from CaCO3 crystals on bubble 
walls, but both of these quantities can be estimated to determine the total volatile budget. 
The change in H2O content can be estimated using an appropriate mixed H2O-CO2 
volatile solubility model (e.g., Steele-MacInnis et al. 2011). I note that H2O content 
should be largely unaffected in MIs with low H2O content and corresponding low molar 
fluid fractions of H2O like those in this study (e.g., Bucholz et al., 2013). The 
contribution of CO2 from carbonate crystals can also be estimated using the volume of 
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the crystals and the known density of CaCO3 (e.g., Moore et al. 2015). This estimate 
involves calculating the mass of CaCO3 from the volume and density, then converting 
this to the mass of CO2 using the ratio of the molar masses of each molecule. The primary 
challenge with this estimate is to accurately determine the crystal volume. Moore et al. 
(2015) suggested that this measurement could possibly be made using either scanning 
electron microscopy or x-ray tomography. The calculations of Moore et al. (2015) also 
demonstrate that the potential contribution from carbonate crystals would be a relatively 
minor factor for the CO2-rich MIs in this study. For carbonate crystals occupying 2 vol% 
of a vapor bubble that occupies 3 vol% of an MI, the CO2 content from the crystals is 
only 267 ppm (Moore et al. 2015).  
 
3.5 Implications 
 
 The results from this study demonstrate the importance of MI vapor bubbles and 
the care that must be taken in accounting for vapor bubble contents. The Raman method 
is a relatively straightforward technique that allows for bubbles formed by different 
mechanisms to be treated separately. For a CO2-rich magma like the Sunset Crater 
composition, some MIs may have co-entrapped vapor and their bubbles therefore contain 
more CO2 than had they formed solely post-entrapment. Analysis of post-entrapment 
bubble volume, along with an estimate of the fraction of bubbles that include co-
entrapped vapor, yields total CO2 contents at the time of entrapment, including a 
separation of dissolved and exsolved phases.  
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 Classification of bubble formation is very important when correcting MI volatile 
contents. While I have provided suitable estimates based on the available data here, there 
are a few details that can be investigated further to improve the model to calculate the 
volume of bubbles formed post-entrapment. The maximum volume constraint of a post-
entrapment bubble is highly dependent on the glass transition temperature of the magma. 
Glass transition temperatures differ based on H2O contents as well as quench rates. 
Quench rates can vary based on the individual cooling history of the host crystal of the 
MI. Temperatures within basaltic plumes should be modeled to provide better constraints 
on possible quench rates. Additional heating/cooling rate experiments could also be 
attempted to derive accurate glass transition temperatures for the high quench rates that 
can be attained in explosive plumes. Finally, as previously mentioned, the volumes of 
analyzed MIs need to be as accurate as possible to ensure that each bubble can be 
correctly classified. With improved knowledge of realistic glass transition temperatures 
and more precise volume calculations, results from Raman analysis can provide the most 
accurate account of the total volatile budget of an eruption.    
This MI bubble study was conducted using CO2-rich MIs from Sunset Crater 
volcano. The Raman analysis of these samples indicated that for small bubbles (<3 vol%), 
there exists a relationship between bubble vol% and CO2 content of the bubble (Eq. 3.2). 
Considering the bubble CO2 contents due to shrinkage and post-entrapment 
crystallization, I calculate syn-entrapment dissolved CO2 contents ranging from ~2600 
ppm to 4500 ppm. This correlates to an average of ~36% of the initial CO2 being lost to 
the bubble during post-entrapment cooling. Previous works have found as much as 90% 
of the total CO2 content in MI bubbles (e.g., Hartley et al. 2014; Moore et al. 2015; Aster 
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et al. 2016). Based on my results, this appears to be an unrealistic estimate for CO2-rich 
MIs, and these types of MIs may not exsolve such a large proportion of their initial CO2. 
However, this additional CO2 content from MI bubbles is still an important part of 
interpreting MI data in terms of plumbing systems and storage depths. I find that in 
approximately one third of my samples, MIs trapped a pre-existing CO2 vapor phase at 
depths of ~15 km. 
I explored two techniques to account for MI vapor bubble contents, and 
recommend the Raman method over reheating to resorb vapor bubbles. In the Sunset 
Crater samples, pressure was required in addition to temperature to rehomogenize MI 
vapor bubbles, which presented a number of challenges and made it difficult to achieve 
bubble resorption. The Raman method requires high-quality standards, but in the end 
yields very useful data that I assessed to be accurate and robust. Using the Raman method, 
each MI can be corrected based on the classification of its bubble, ensuring that co-
entrapped vapor is correctly classified as such. This classification is determined by the 
size fraction of the vapor bubble in the MI. The corrected volatile contents are calculated 
by mass balance, and so they also are dependent on the volumes of MIs and vapor 
bubbles. One current weakness of the Raman method is that the volume estimates of MIs 
are commonly based on two-dimensional measurements. Improvement of MI volumes 
could reduce errors associated with the Raman technique. 
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Figure 3.1 Photomicrographs of Phase 3 MIs from Sunset Crater. 
  
 112 
Table 3.1 Run Conditions for Piston-Cylinder Rehomogenization Experiments. All 
experiments were conducted at 600 MPa. 
 
  
Experiment 
Dwell 
Temperature (°C) 
Dwell Time 
(min) MIs Analyzed 
RH-1 1300 20 H-01, H-02, H-05 
RH-2 1300 90 H-06, H-07 
RH-3 1400 15 H-03 
RH-4 1333 15 H-04, H-08, H-09 
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Table 3.2 Summary of Gas-Mixing Furnace Rehomogenization Experiments. 
 
  
Experi-
ment Suspension Methoda Quench 
Heating Rate 
(°C/min)b 
Starting 
Temper-
ature (°C) 
Dwell 
Temper-
ature (°C) 
Dwell 
Time 
(min) 
MIs 
Analyzed 
GMF-1 Graphite capsule covered in graphite powder Air drop Instantaneous N/A 1350 15 None 
GMF-2 MgO  Air drop Instantaneous N/A 1350 15 None 
GMF-3 Used MgO Water drop Instantaneous N/A 1350 15 None 
GMF-5 Loose in Pt crucible Water drop Instantaneous N/A 1400 15 None 
GMF-6 Pre-heated MgO Drop failed; removed into air from 1400 °C Instantaneous N/A 1400 15 None 
GMF-8 Pre-heated & used MgO Water drop Instantaneous N/A 1400 15 None 
GMF-10 Pre-heated MgO Water drop 15 1050 1400 5 None 
GMF-12 Pre-heated MgO Liquid nitrogen drop 15 1050 1400 5 H-11, H-18 
GMF-13 Pre-heated & used MgO Liquid nitrogen drop 10 1050 1400 5 H-12, H-15 
GMF-14 Pre-heated & used MgO Liquid nitrogen drop Instantaneous N/A 1400 30 H-14 
GMF-15 Pre-heated & used MgO Drop failed; removed into air from 950 °C 15 1000 1350 10 None 
GMF-16 Pre-heated & used MgO Liquid nitrogen drop 15 1000 1350 10 H-10 
GMF-17 Pre-heated MgO Liquid nitrogen drop 15 1050 1400 10 None 
GMF-18 Pre-heated MgO Liquid nitrogen drop 15 1050 1450 10 H-19, H-20 
GMF-19c Pre-heated & used MgO Liquid nitrogen drop 15 1050 1400 5 None 
GMF-20 2 pre-heated MgO disks (1 also used) Liquid nitrogen drop 15 1050 1400 5 
H-13, H-16, 
H-17 
a “Used” MgO means that the MgO pieces were intact after a previous experiment, and thus re-used for the listed run 
 
b “Instantaneous” heating rates were achieved by suspending the sample above the hot zone of the furnace during heating, only lowering them after the maximum 
temperature was reached 
 
c After dwell time, experiment GMF-19 was ramped down in temperature from 1400-1300 °C at 30 °C/min, and quenched at 1300 °C 
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Figure 3.2 Textures Observed in Reheated MIs. (a) Dispersed bubbles; (b) crosshatched 
texture; (c) “puddle” surrounding MI; (d) MI with both crosshatching and a “puddle”. 
  
a b 
d c 
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Table 3.3 Corrected Compositions for Raman-Analyzed and Rehomogenized MIs. 
Oxides analyzed by electron microprobe normalized to 100 wt%. 
 
  
MI Typea SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 
% 
Olivineb 
H-01 PC RH 46.33 2.22 17.41 2.37 8.86 0.22 6.82 11.15 3.31 0.83 0.48 -9.75 
H-02 PC RH 46.81 2.12 16.78 2.39 8.84 0.22 7.12 10.69 3.41 0.98 0.54 -11.64 
H-03 PC RH 47.67 2.55 15.38 2.41 8.83 0.25 7.40 10.70 3.43 0.92 0.48 -22.61 
H-04 PC RH 46.58 2.21 16.41 2.42 8.81 0.29 7.00 11.63 3.33 0.81 0.50 -16.69 
H-05 PC RH 45.96 2.43 17.22 2.45 8.79 0.25 6.83 11.19 3.61 0.97 0.50 -11.10 
H-06 PC RH 45.08 2.19 16.45 2.72 8.54 0.19 7.00 11.40 4.98 1.03 0.43 -5.44 
H-07 PC RH 48.68 2.19 13.73 2.93 8.36 0.21 7.18 7.53 6.48 1.93 0.79 -4.75 
H-08 PC RH 48.51 2.85 13.68 2.70 8.57 0.29 7.17 8.58 4.88 1.84 0.93 -15.01 
H-09 PC RH 47.71 1.69 12.27 2.60 8.65 0.29 7.35 16.29 2.38 0.47 0.30 -13.74 
H-10 GMF RH 48.00 2.06 16.86 2.36 8.87 0.25 6.92 10.26 3.40 1.00 0.02 -15.10 
H-11 GMF RH 46.93 2.26 17.29 2.34 8.89 0.41 6.50 11.44 3.07 0.72 0.14 -20.99 
H-12 GMF RH 49.10 2.18 15.50 2.30 8.92 0.23 7.55 10.35 3.00 0.85 0.02 -16.50 
H-13 GMF RH 46.38 1.74 16.70 2.45 8.78 0.26 8.24 10.51 4.01 0.92 0.02 -14.66 
H-14 GMF RH 49.62 2.21 16.62 1.96 9.23 0.34 8.05 10.36 1.35 0.27 0.00 -22.23 
H-15 GMF RH 47.72 2.22 16.76 2.28 8.95 0.33 7.36 10.69 2.88 0.81 0.00 -17.87 
H-16 GMF RH 46.44 1.76 16.57 2.59 8.67 0.25 7.74 10.10 4.63 1.24 0.03 -20.60 
H-17 GMF RH 47.39 1.92 16.52 2.52 8.73 0.29 6.89 10.46 4.15 1.09 0.05 -19.55 
H-18 GMF RH 48.49 2.27 14.76 2.35 8.88 0.20 8.14 11.23 3.06 0.63 0.00 -14.55 
H-19 GMF RH 48.79 1.94 17.47 1.94 9.25 0.34 8.35 10.24 1.43 0.24 0.01 -13.09 
H-20 GMF RH 47.02 2.23 18.85 1.97 9.22 0.30 7.74 10.81 1.56 0.29 0.00 -15.81 
a-01 Raman 46.55 3.82 16.08 2.36 8.89 0.14 7.53 10.09 3.43 0.87 0.26 7.78 
a-02 Raman 47.33 2.15 16.98 2.39 8.86 0.15 6.71 10.49 3.49 0.93 0.52 5.43 
a-03 Raman 46.79 2.13 16.47 2.37 8.87 0.14 7.84 10.69 3.35 0.91 0.44 9.76 
a-04 Raman 47.40 2.29 15.21 2.45 8.79 0.13 7.62 11.19 3.40 1.03 0.49 10.52 
a-05 Raman 48.06 2.07 15.88 2.39 8.86 0.16 7.44 10.32 3.52 0.88 0.44 7.80 
a-06 Raman 47.21 2.10 16.37 2.36 8.88 0.14 7.69 10.56 3.32 0.93 0.44 7.75 
a-07 Raman 47.11 2.21 15.31 2.46 8.82 0.16 7.80 11.31 3.38 0.98 0.47 7.71 
a-08 Raman 47.42 2.07 15.94 2.41 8.84 0.11 7.63 10.69 3.47 0.95 0.47 7.04 
a-09 Raman 46.90 2.07 16.67 2.43 8.82 0.11 7.32 10.51 3.69 0.99 0.50 6.11 
a-10 Raman 47.06 2.17 16.10 2.41 8.83 0.12 7.52 10.95 3.41 0.92 0.52 9.69 
a-11 Raman 46.90 2.13 16.66 2.37 8.87 0.11 7.44 10.83 3.30 0.93 0.45 6.55 
a-12 Raman 47.10 2.22 16.94 2.43 8.82 0.19 6.60 10.43 3.72 1.01 0.53 4.45 
a-13 Raman 47.10 2.29 14.91 2.43 8.82 0.12 8.39 11.19 3.22 1.09 0.46 10.50 
a-14 Raman 47.30 2.22 16.50 2.40 8.85 0.14 6.98 10.75 3.43 0.97 0.46 10.51 
a-15 Raman 46.91 2.10 16.23 2.41 8.84 0.14 7.90 10.39 3.59 1.03 0.48 9.61 
a-16 Raman 47.03 2.13 15.93 2.43 8.82 0.14 7.65 10.91 3.52 0.97 0.48 6.15 
a-17 Raman 47.06 2.21 15.82 2.43 8.82 0.14 7.62 11.08 3.45 0.95 0.42 7.33 
a-18 Raman 47.13 2.11 16.98 2.37 8.87 0.14 7.14 10.47 3.47 0.90 0.41 7.03 
a-19 Raman 46.53 2.31 16.05 2.43 8.82 0.17 7.61 11.24 3.34 1.02 0.50 5.43 
a-20 Raman 47.37 2.18 16.13 2.41 8.83 0.12 7.20 11.02 3.36 0.92 0.48 8.55 
a Type indicates how the MI was studied; PC RH refers to rehomogenization in the piston cylinder apparatus, GMF RH refers to 
rehomogenization in the gas-mixing furnace, and Raman refers to unheated MIs analyzed by Raman spectroscopy 
 
b Negative values of % Olivine indicate olivine removed from uncorrected compositions to correct for olivine dissolution during 
heating, while positive values indicate olivine added to the uncorrected compositions to correct for post-entrapment crystallization 
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Table 3.4 FTIR Results for Raman-Analyzed and Rehomogenized MIs.  
 
  
MIa 
Thickness 
(cm) 
Density 
(g/L) A4500 A3500 A~1510 
 훆퐂퐎ퟐ 
(L/mol-cm) 
K2O 
ratiob 
Corrected 
H2OTotal (wt%) 
Corrected 
CO2 (ppm) 
H-02 0.00275 2843  0.252 0.071 321 0.883 1.04 1410 
H-03 0.00650 2927  0.457 0.060 321 0.763 0.90 567 
H-04 0.00253 2904  0.252 0.111 330 0.821 1.19 2454 
H-05 0.00578 2869  0.309 0.156 321 0.885 0.60 1457 
H-09 0.00147 2929  0.116 0.098 377 0.853 0.90 3115 
a-01 0.00369 2730  0.470 0.160 316 1.084 1.23 2041 
a-02 0.00524 2740  0.581 0.217 318 1.057 1.10 1979 
a-04 0.00818 2723 0.0105 1.038 0.481 325 1.113 1.20 2627 
a-05 0.00205 2708  0.308 0.136 316 1.086 1.46 3142 
a-06 0.00396 2722 0.0054 0.583 0.243 323 1.086 1.42 2828 
a-07 0.00488 2742  0.564 0.259 327 1.086 1.11 2399 
a-08 0.00424 2726  0.595 0.230 320 1.079 1.36 2536 
a-09 0.00468 2733 0.0065 0.591 0.197 314 1.070 1.24 2018 
a-10 0.00353 2741  0.251 0.160 323 1.105 0.67 2039 
a-11 0.00270 2736  0.361 0.150 325 1.072 1.30 2565 
a-12 0.00627 2734 0.0083 0.803 0.261 312 1.051 1.27 2043 
a-13 0.00506 2737  0.487 0.237 330 1.117 0.90 2043 
a-14 0.00616 2720 0.0059 0.616 0.228 321 1.112 0.95 1678 
a-15 0.00459 2726  0.561 0.257 315 1.105 1.16 2597 
a-16 0.00344 2741  0.434 0.195 321 1.070 1.23 2650 
a-17 0.00347 2739  0.424 0.194 323 1.081 1.18 2573 
a-18 0.00226 2723  0.304 0.102 318 1.078 1.31 2128 
a-19 0.00514 2762  0.555 0.133 327 1.060 1.05 1189 
a-20 0.00434 2728  0.535 0.241 325 1.092 1.18 2524 
a See text for explanation of MIs without FTIR data 
 
b Ratio of uncorrected to corrected K2O values (wt%) used to adjust total volatile contents 
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Table 3.5 Bubble Dimensions and Density, with Corrected Total CO2 Content of Melt 
Inclusions. 
 
  
MI 
MI Long 
Axis (µm) 
MI Short 
Axis (µm) 
Bubble 
Diameter (µm) 
Bubble 
Volume % 
CO2 Density 
(g/cm3) 
CO2 in 
Bubble (ppm) 
Total CO2 
content (ppm) 
a-01 84.40 55.88 13.78 0.79 0.206 602 2643 
a-02 90.82 80.64 20.61 1.39 0.178 918 2897 
a-03 87.93 58.63 18.03 1.55 0.257 1481a n.d. 
a-04 113.14 100.95 34.23 3.28 0.282 3513 6141 
a-05 69.50 69.36 17.28 1.54 0.132 764 3905 
a-06 103.67 96.18 27.92 2.18 0.200 1640 4469 
a-07 87.93 78.35 23.36 2.23 0.217 1801 4200 
a-08 101.35 98.94 26.36 1.82 0.215 1465 4001 
a-09 102.27 79.24 24.41 1.98 0.241 1779 3797 
a-10 80.92 65.37 17.42 1.36 0.211 1065 3104 
a-11 75.49 69.08 17.84 1.51 0.240 1342 3907 
a-12 108.87 69.46 27.21 2.99 0.216 2434 4477 
a-13 90.45 69.25 27.18 4.01 0.293 4475 6519 
a-14 98.28 91.31 28.02 2.59 0.211 2061 3738 
a-15 86.68 84.69 23.46 2.05 0.205 1575 4172 
a-16 110.67 74.70 28.92 3.16 0.250 2974 5624 
a-17 104.33 88.92 29.45 2.85 0.247 2646 5219 
a-18 70.22 54.82 14.13 1.17 0.256 1114 3242 
a-19 122.57 100.76 43.80 6.09 0.169 3970 5160 
a-20 94.11 38.42 18.66 2.71 0.209 2134 4658 
a MI glass could not be analyzed by FTIR, so the mass fraction of CO2 in the bubble was determined using the average glass density of 
2732 g/L to calculate the glass mass 
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Figure 3.3 Relationship Between Bubble Vol% and Bubble CO2. The CO2 concentration 
of the vapor bubble (in ppm, representing the mass fraction in the bubble compared to the 
total MI mass) is compared with the size of the bubble, according to the percent of the MI 
volume that the bubble occupies. A linear trend is fit through the data for samples with 
bubbles <3 vol%.  
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Figure 3.4 Relationship Between Bubble Vol% and Percentage of Total Melt Inclusion 
CO2 in Bubble. The percent of the total MI CO2 content that is contained in the vapor 
bubble is compared with the size of the bubble, according to the percent of the MI 
volume that the bubble occupies. Filled symbols represent MIs with bubbles that formed 
completely post-entrapment. Symbols with no fill represent MIs with bubbles that likely 
include some co-entrapped vapor. A histogram of the CO2 percentage data is also 
included.  
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Figure 3.5 Maximum Post-Entrapment Bubble Size Calculated by Modified Aster et al. 
(2016) Model. Dashed line represents the volume fraction formed from post-entrapment 
crystallization, and the solid line is the total bubble volume including both the effects of 
post-entrapment crystallization and syn-eruptive cooling. (a) For a glass transition 
temperature (Tg) of 651 °C; (b) for Tg of 575 °C.  
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Figure 3.6 Silicate Melt Relaxation Curve with Quench Rate Experiment Data. Quench 
rate and corresponding glass transition temperature (Tg) data from 1.13 wt% H2O basaltic 
experiments (circles) from Giordano et al. (2005) is plotted with the general trend of the 
relaxation curve of an arbitrary silicate melt, reproduced from Wilding et al. (2000). 
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Figure 3.7 Volatile Contents of Sunset Crater MIs Corrected for Vapor Bubbles. H2O-
CO2 contents of MIs calculated from FTIR and corrected by Raman analysis. (a) Shows 
corrected MI volatile contents only for the samples that contain pure post-entrapment 
bubbles (filled symbols); symbols with no fill have not been corrected for bubble 
contents. (b) Shows corrected volatile contents for all MIs, representing total dissolved 
volatiles at the time of MI entrapment. Filled symbols correspond to MIs that have been 
corrected for all of the CO2 in their vapor bubble; symbols with no fill correspond to MIs 
that have been corrected for a portion of their vapor bubble CO2 content, which excludes 
any bubble content that represents co-entrapped vapor (see text).   
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CHAPTER 4 
MAGMA STORAGE CONDITIONS OF HIGHLY EXPLOSIVE BASALTIC 
ERUPTIONS: MELT INCLUSION VOLATILES IN THE 1085 AD SUB-PLINIAN 
ERUPTION OF SUNSET CRATER, AZ 
 
 Primary melt inclusions (MIs) in free olivine crystals from the 1085 AD Sunset 
Crater eruption were analyzed to study pre-eruptive magmatic volatiles. I compare MIs 
from the early-erupted fissure deposit to those of sub-Plinian units to identify magma 
properties related to eruptive style. All MIs are closely similar in composition, exhibit 
minor post entrapment crystallization (3-14%), and are relatively dry (0.5-1.5 wt% H2O) 
but CO2-rich (1200-3000 ppm). Most MIs contain >1 wt% H2O and >2000 ppm CO2. MI 
vapor bubbles are ubiquitous in Sunset Crater samples ranging in size from ~1 vol% to 
10 vol% of the MI in typical samples or ~3 vol% on average. I utilize a model based on 
Raman spectroscopy results from a subset of MI bubbles from Sunset Crater to calculate 
total MI volatile contents. Total MI CO2 contents, representing dissolved CO2 in glass 
plus CO2 in vapor bubbles formed post-entrapment, range up to ~4500 ppm, with most 
inclusions containing >3000 ppm CO2. Large MI bubbles likely co-entrapped vapor and 
their total MI CO2 content, which can reach 6500 ppm, does not solely represent 
dissolved volatiles, but rather suggests fluid saturation at the time of entrapment. These 
volatile abundances exceed most of the current experimental data on volatile solubility in 
alkali basalts. I utilize a new thermodynamic model calibrated from fluid-saturated H2O-
CO2 solubility experiments conducted on the bulk Sunset Crater composition at 1200 °C 
between 400 MPa and 600 MPa. This model indicates that MIs record depths from ~13 
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km to ~18 km, assuming fluid saturation. Volatile contents and saturation pressures of 
MIs largely overlap between phases of the eruption, although lower pressure MIs become 
more abundant as the eruption proceeds and becomes more explosive. The high CO2 
content and additional exsolved vapor at depth likely drove rapid magma ascent, and 
exsolution of H2O at shallow levels resulted in further acceleration, contributing to the 
sub-Plinian eruption. Overall, there are not significant differences between MIs from the 
initial fissure eruption and the later, large volume sub-Plinian phases. This suggests that 
while a high CO2 content appears to drive rapid magma ascent and be partly responsible 
for highly explosive eruptions, shallower processes like conduit geometry and microlite 
growth may also play an important role in the final eruptive character. 
 
4.1 Introduction 
 
 Sunset Crater is a 300 m high basaltic scoria cone volcano (Fig. 1.2) located in 
northern Arizona that produced a highly explosive eruption ca. 1085 AD (Amos 1986; 
Elson et al. 2011). This monogenetic eruption generated a large volume of dispersed 
tephra, originally covering an area >2000 km2 (Colton 1932), consistent with an eruption 
that was sub-Plinian in scale during its most explosive period (Amos 1986). The Sunset 
Crater eruption represents the latest activity in the San Francisco Volcanic Field (SFVF; 
Fig. 1.3), a 5000 km2 volcanic field of late Cenozoic age located on the edge of the 
Colorado Plateau (Moore et al. 1976; Amos 1986; Tanaka et al. 1986).  
Scoria cones are the most common volcanic landform on earth and occur in all 
tectonic settings (e.g., Wood 1980; Martin and Nemeth 2006). They occur in groups, 
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either in large, “flat” fields or on the flanks of larger volcanoes (e.g., Settle 1979). Scoria-
cone-building eruptions usually begin as fissures and later localize to a central vent, 
where the primary edifice is constructed (e.g., Wood 1980). Scoria cone volcanoes are 
formed by basaltic magma that erupts both effusively and explosively, producing lava 
flows and tephra (e.g., Wood 1980; Martin and Nemeth 2006). In a typical scoria-cone-
forming eruption, the exsolved gas phase is mostly decoupled from the magma during 
ascent, with bubbles coalescing as they rise through the conduit (e.g., Wilson 1980; 
Parfitt 2004; Houghton and Gonnermann 2008). Strombolian-style explosions typically 
fuel the explosive phases of these eruptions, with large bubbles bursting at the vent and 
fragmenting the surrounding magma (e.g., Blackburn et al. 1976; Wilson 1980; Houghton 
and Gonnermann 2008). This process generates a small, sustained plume if these bursts 
occur frequently (e.g., Blackburn et al. 1976). At Sunset Crater, the eruption likely began 
in this expected manner and exhibited some characteristic scoria cone behavior during 
parts of the eruption (e.g., Amos 1986; Holm and Moore 1987). However, it clearly 
deviated from these typical mechanisms during its most explosive phases during which 
sub-Plinian-scale plumes were produced (Amos 1986; Alfano et al. in review).  
Sub-Plinian activity is not typical for scoria cone volcanoes, although some highly 
explosive eruptions have been previously identified (e.g., Martin and Nemeth 2006; 
Valentine and Gregg 2008). One case of a larger scoria cone eruption occurred through 
some involvement of external water at Tolbachik in Kamchatka in 1975 (Doubik and Hill 
1999). Sub-Plinian eruptions have also occurred at scoria cones as part of larger basaltic 
edifices, like the 2002-2003 eruption on the flanks of Mt. Etna in Italy (Andronico et al. 
 126 
2005). Sunset Crater differs from these examples of highly explosive basaltic scoria cone 
eruptions in that it was a monogenetic eruption within a dry, flat volcanic field.  
Highly explosive basaltic eruptions have only recently been recognized, and there 
is still some uncertainty about how mafic magmas erupt explosively at this scale (e.g., 
Williams 1983; Houghton and Gonnermann 2008; Goepfert and Gardner 2010). Microlite 
crystallization and the behavior of magmatic volatiles are the most commonly discussed 
factors capable of producing sub-Plinian basaltic activity (e.g., Taddeucci et al. 2004; 
Sable et al. 2006; Cimarelli et al. 2010; Goepfert and Gardner 2010). Crystallization of a 
magma body, particularly rapid microlite growth, is one effective mechanism to increase 
magma viscosity and affect basaltic eruptive dynamics (e.g., Taddeucci et al. 2004; Sable 
et al. 2006; Cimarelli et al. 2010). Magmatic volatiles can also affect eruption style and 
scale, and their effects are largely dependent upon the amount, depth, and rate of volatile 
exsolution, as well as the degree to which exsolved vapor can separate from the magma. 
Magma that ascends rapidly, coupled with abundant exsolved volatiles, has the potential 
to erupt explosively (e.g., Sable et al. 2006; Goepfert and Gardner 2010).  
The Sunset Crater eruption is a young, well-preserved deposit that presents a 
unique opportunity to study mechanisms of basaltic explosive eruptions. I analyze olivine 
hosted MIs from the Sunset Crater tephra deposit to identify magma characteristics and 
processes at depth, particularly in regard to magmatic volatiles, that may have contributed 
to this sub-Plinian eruption. I use this data to interpret the plumbing system of Sunset 
Crater and better understand large explosive basaltic eruptions. 
 
4.2 Background 
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4.2.1 The San Francisco Volcanic Field 
The SFVF, which borders the city of Flagstaff, Arizona, contains over 600 
basaltic scoria cones and 5 silicic centers (Moore et al. 1976; Tanaka et al. 1986; Arculus 
and Gust 1995). Eruptive activity has occurred in the SFVF since 6 Ma (Moore et al. 
1976; Tanaka et al. 1986). Volcanism in the SFVF has migrated such that the most recent 
activity, including the Sunset Crater eruption, has been focused in the eastern portion of 
the field (Tanaka et al. 1986).  
Chemistry of the basaltic magmas in the SFVF indicates a likely origin at the base 
of the lithosphere as partial melt of material from the upper mantle (Tanaka et al. 1986). 
There are a few possible reasons for this partial melting to have occurred. Tanaka et al. 
1986 hypothesized that, based on the progression of activity from southwest to east, the 
cause of volcanism was either related to a possible hot spot, erosion of the lithosphere 
due to heating from regional extension in the bordering Basin and Range province (Best 
and Brimhall 1974), or propagation through lithospheric fractures along the Colorado 
Lineament (Warner 1978). Van Wijk et al. (2010) proposed that small-scale, edge-driven 
convection at the margins of the Colorado Plateau produced a magmatic pulse as hot 
asthenosphere replaced lithosphere. This model is also consistent with the migration of 
volcanism within the SFVF as convection progresses inward from the edges of the 
plateau (van Wijk et al. 2010). 
 
4.2.2 Sunset Crater 
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The Holocene eruption of Sunset Crater in the SFVF consisted of at least eight 
individual explosive phases and three lava flows (Amos 1986; Alfano et al. in review). 
Ort et al. (2008) constrain the total duration of the eruptive activity to a few weeks or 
months based on evidence from archaeology, dendrochronology, and stratigraphy. The 
activity began along a NW-SE trending fissure, producing two tephra units (phases 1 and 
2) along the fissure, as well as a small lava flow ~10 km SE of the main edifice (Amos 
1986; Alfano et al. in review). Activity then localized to the central vent where three sub-
Plinian explosive events (phases 3, 4, and 5) occurred (Amos 1986; Alfano et al. in 
review). A final eruptive period produced a few Strombolian explosions that are not well 
constrained in the field (Amos 1986; Alfano et al. in review). Two lava flows, the Bonito 
and Kana’a, were also erupted at the central vent during the sub-Plinian and late 
Strombolian activity (Amos 1986; Holm and Moore 1987; Alfano et al. in review). 
Because of its age and desert environment, the eruptive material is fresh and the deposit 
is well preserved. The eruption greatly affected and likely displaced the native population 
living near the volcano (e.g., Ort et al. 2008; Elson et al. 2011). To protect the geologic 
landscape and its archaeological significance, the volcano was designated as a National 
Monument in 1930.  
 
4.3 Methods 
 
4.3.1 Sampling 
 Tephra from Sunset Crater volcano was collected at two sites near the primary 
dispersal axis SE from the vent (Fig. 4.1). I searched for sample locations with free 
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olivine phenocrysts that were not part of scoria clasts but had instead been separated from 
the magma during the fragmentation processes. Because of the differences in magnitude 
of phase 2 versus phases 3 and 4, the individual phases had to be sampled from different 
locations within the tephra blanket in order to find free olivine crystals in abundance. 
Phases 3 and 4 were large magnitude (sub-Plinian) eruptions of similar size, and their 
tephra deposits were sampled from the same pit at coordinates 35° 17’ 47” N, 111° 22’ 
28” approximately 13.5 km from the Sunset Crater cone. Phase 2, erupted during the 
smaller initial fissure eruption, was collected ~8 km from the cone at coordinates 35° 17’ 
52” N, 111° 25’ 45”. The tephra was field sieved to accumulate a large volume of the 0 
and 1 phi fractions to prioritize material of approximately the same size as typical olivine 
crystals found in this deposit. This material was dried and re-sieved upon return from the 
field.  
 
4.3.2 MI Selection 
Free olivine crystals 0.5 mm to 2 mm in diameter were picked from Sunset Crater 
tephra from phases 2, 3, and 4. Prioritizing crystals with little or no attached glass 
provides samples with the most rapid quench history (e.g., Lloyd et al. 2013). The 
crystals were mounted in epoxy and scanned for high-quality MIs. The characteristics 
that distinguished MIs selected for analysis were a vitreous texture, a size at least ~50 µm 
in diameter (often larger, depending on the placement of the vapor bubble), and located 
away from any cracks or irregularities in the crystal and also tens of micrometers from 
the crystal rim. Approximately 20% of the free olivine crystals collected from Sunset 
Crater tephra contain such viable MIs.  
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4.3.3 Major Element Analysis 
MIs were polished and exposed, then carbon coated and analyzed for major 
elements using a Cameca SX100 Ultra electron microprobe at the University of Arizona. 
Natural crystals and synthetic glasses were used as standards. Each element was counted 
for 20 seconds (10 seconds for Na, counted first in the sequence) using 15 keV 
accelerating voltage, 20 nA beam current, and a 15 µm spot size. MI compositions were 
corrected for instrument variability across different analysis sessions using basaltic 
glasses analyzed during each session. Olivine compositions were measured on this same 
instrument using a focused beam. Using the olivine data, the MIs were corrected for post-
entrapment crystallization and Fe-loss using Petrolog3 (Danyushevsky and Plechov 
2011). A target FeOT value of 11 wt% was designated based on bulk rock data (Alfano et 
al. in review; Chapter 2 of this dissertation). The calculations were run at an oxidation 
state equal to the NNO buffer (Kilinc et al. 1983) and also utilized the olivine-melt 
equilibria model of Putirka (2005) which yields a Fe-Mg partitioning coefficient of ~0.3 
at 1200 °C.  
 
4.3.4 Volatile Analysis 
H2O and CO2 contents of the MI glasses were determined by Fourier transform 
infrared spectroscopy (FTIR). MIs were doubly intersected and polished in preparation 
for the transmission FTIR analysis. FTIR analyses were performed using a Nicolet iN10 
MX instrument at the United States Geological Survey in Menlo Park. A background was 
collected before analyzing each sample to correct for atmospheric volatile content, and 
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the spectra were collected between 5500-1000 cm-1 wavenumber for 45 seconds (128 
scans) with high spectral resolution. To obtain the best spectrum for each inclusion, the 
aperture was carefully maximized according to the size of the doubly exposed spot on the 
inclusion.  
H2O and CO2 contents were calculated using the Beer-Lambert Law 
C = MW ∗ Aρ ∗ ε ∗ 푑                                                                                                                  (4.1) 
where C is concentration in wt.%, MW is the molecular weight of the absorbing species 
in g/mol, A is the peak height (absorbance) of interest, d is sample thickness in cm, ρ is 
density of the sample in g/L, and ε is a molar absorption coefficient in L/mol-cm. 
Absorbance values were measured directly from the spectra after subtraction of French-
curve baselines drawn beneath each peak to represent a volatile-free sample of equivalent 
thickness and composition. Thicknesses of the doubly intersected wafers were 
determined using a Zygo ZeScope optical profilometer in the LeRoy Eyring Center for 
Solid State Science at Arizona State University. When present, interference fringes in the 
FTIR spectra were used to corroborate thickness measurements using the method of 
Nichols and Wysoczanski (2007). On average, thicknesses determined by the 
profilometer and interference fringes agree within ~2 µm. The density of each MI glass 
was calculated iteratively by water content using a summation of molecular partial molar 
volumes as in Luhr (2001). Total water content was measured from the ~3500 cm-1 peak 
using the absorption coefficient of 63 L/mol-cm for εH2Otot from Dixon et al. (1988). The 
near-IR OH peak at ~4500 cm-1 was rarely visible, but in those few cases, the coefficient 
of 0.67 L/mol-cm for εOH from Dixon et al. (1995) was used. The near-IR peak for 
molecular water at ~5200 cm-1 was not able to be resolved in these samples because of 
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insufficient sample thickness, so a total water content could not be calculated from the 
near-IR data. CO2 content was calculated from a carbonate doublet, as it is stored as CO3 
in basaltic melts. The absorption coefficient for CO3 was calculated for the MI 
composition following Dixon and Pan (1995), with an average value of ~320 L/mol-cm.  
After calculation of volatile contents based on glass spectral data using Eq. 4.1, 
these values were corrected for olivine growth at the rim of the MI. Because H2O, CO2, 
and K2O all display incompatible behavior with olivine, the ratio of analyzed and 
corrected K2O contents was used to correct the volatile components.   
 
4.4 Results 
 
 I analyzed primary MIs in 119 free olivine crystals from the Sunset Crater tephra. 
To collect a representative population from the studied eruptive phases, I included at least 
36 crystals from each phase in the sample cohort. Some crystals contained more than one 
MI that intersected the plane of the polished surface, and so in those samples, multiple 
inclusions were analyzed when feasible.  
 
4.4.1 Physical Characteristics of Samples 
Sunset Crater MIs exhibit a few distinctive physical characteristics (Fig. 4.2). The 
olivine crystals that host the MIs often contain multiple inclusions (generally 3 or more) 
at varying distances from the nearest crystal face. Some crystals additionally host 
variable populations of chromites. MIs selected for analysis are between ~50 µm and 180 
µm in diameter. The MIs are faceted, from ellipsoidal to full negative crystal shapes. 
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They generally contain a singular vapor bubble that usually ranges in size from ~1 vol.% 
to 10 vol.% of the MI in analyzed samples, although some inclusions with larger bubbles 
(up to ~30 vol.%) are also observed and included in the sample cohort. No physical 
differences are observed between MIs from different tephra units.  
 
4.4.2 Major Element Composition 
 I analyzed the compositions of 124 primary MIs hosted in 119 olivine crystals 
using the electron microprobe. MI compositions indicate an alkali basalt magma with 
~4.4 wt% total alkali content. The amount of post-entrapment crystallization ranges from 
3% to 14%. Overall, compositions are fairly uniform within each eruptive phase as well 
as between different phases, indicating a homogeneous magma body. On the total silica-
alkali diagram (Fig. 4.3), phase 2 (fissure eruption) MIs show significant overlap with 
inclusions from phases 3 and 4 (sub-Plinian eruptions). Comparing MIs from phase 3 and 
phase 4, there is still noticeable compositional overlap, however, there is a slight trend to 
higher SiO2 content and lower alkali content in the phase 4 MIs. Full compositional 
details (uncorrected and corrected compositions) are available in Appendix C.   
Host olivine compositions were measured next to the MI and near the crystal rim 
and range between Forsterite 80 to 86, with an average value of Fo 83. Olivine crystals 
generally do not display any significant zoning, although a few crystals are slightly 
normally zoned, with a maximum Fo content difference between the core and rim of 4 
(e.g., Fo 85 core and Fo 81 rim). 
 
4.4.3 Volatile Content 
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 I analyzed the volatile contents of 82 MIs using FTIR. Results are listed in Tables 
4.1-4.3. MI glasses are relatively dry, with ~0.5 wt% to 1.5 wt% H2O. They are very 
CO2-rich, however, with ~1200 ppm to 3000 ppm CO2. Most MI glasses contain >1 wt% 
H2O and >2000 ppm CO2. Full details of the FTIR measurements are available in 
Appendix C. Glass volatile contents are closely similar between MIs from different 
eruptive phases. These volatile contents do not account for any possible CO2 vapor 
sequestered into MI vapor bubbles.  
 
4.5 Discussion 
 
4.5.1 MI Vapor Bubbles 
 A number of recent studies have suggested significant CO2 content is sequestered 
into MI vapor bubbles (e.g., Hartley et al. 2014; Moore et al. 2015; Wallace et al. 2015; 
Aster et al. 2016; Tuohy et al. 2016). While I did not analyze MI bubbles in the Sunset 
Crater MIs presented here, I did conduct a detailed study of bubbles in a subset of MIs 
from phase 3 of the Sunset Crater eruption (Chapter 3 of this dissertation). These 
analyses resulted in a clearer picture of the bubbles contained in Sunset Crater MIs and 
quantification of their CO2 contents. In particular, I developed a modified version of a 
model from Aster et al. (2016) to calculate the maximum bubble size formed from post-
entrapment crystallization and shrinkage, represented as a percentage of total MI volume. 
The Aster et al. (2016) model calculates the volume of a void space formed during 
cooling-induced processes based on the densities of the liquid melt and olivine at the 
temperatures of trapping, eruption, and quench. Bubbles larger than this maximum 
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volume may have excess CO2 contributed from vapor co-entrapped with the MI during 
crystal formation.  
I found that bubbles in Sunset Crater MIs smaller than ~2.7 vol% can be formed 
solely from post-entrapment processes and that these bubbles likely do not include co-
entrapped CO2 vapor (Chapter 3). For bubbles within this post-entrapment size range 
(<2.7 vol%), bubble CO2 contents follow a trend: 
CO2 (ppm) in bubble = 879.43 * Bubble Vol% - 154.07; R2 = 0.91.       (4.2) 
In Eq. 4.2, the CO2 content in the bubble is represented by a mass fraction of the total MI 
mass, and the bubble vol% is the percentage the bubble occupies of the total MI volume. 
The average mass fraction of CO2 in post-entrapment vapor bubbles is 36% (Chapter 3). 
A comparison between total MI CO2 content calculated by Raman and Eq. 4.2 for the 
MIs analyzed by Raman in Chapter 3 with bubbles smaller than 2.7 vol% is shown in Fig. 
4.4. This comparison suggests that correcting for vapor bubble contents using Eq. 4.2 
provides an accurate estimate of total MI CO2 contents.  
For inclusions with bubbles larger than ~2.7 vol%, I assume that 36% of the CO2 
content dissolved in the melt at the time of trapping was lost post-entrapment to a bubble 
as discussed in Chapter 3 of this dissertation. These larger bubbles also contain additional 
CO2 vapor that was co-entrapped with the MI.  
 Using Eq. 4.2 and the data from Chapter 3 of this dissertation, I calculate bubble 
CO2 contents for the Sunset Crater MIs analyzed in this study. Total CO2 contents 
dissolved at entrapment, including contributions from MI bubbles formed post-
entrapment, are between 1600 ppm and 4900 ppm (Tables 4.1-4.3). Most MIs contain 
>3000 ppm CO2 when adjusted for bubble contents. 
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4.5.2 Secondary Modification of MIs 
 Before I can interpret characteristics of the magma plumbing system based on 
these volatile contents, I first consider whether any of the studied inclusions failed to 
preserve their entrapment conditions. Some MIs display characteristics consistent with 
leakage or decrepitation, meaning that they lost CO2 or otherwise re-equilibrated at a 
pressure lower than the pressure at which they were entrapped. I generally avoided 
analysis of inclusions with these characteristics, but did include some in the sample 
cohort to assess potential post-entrapment modifications. Inclusions with very large vapor 
bubbles or visible “puddles” surrounding the MI (e.g., Fig. 4.5) are likely candidates for 
samples that have experienced leakage or decrepitation. Another cause of leakage is 
fractures in the host crystal. These fractures can heal prior to eruption, and may not be 
obvious from initial inspection of MIs. I exclude these inclusions from the interpretation 
of the Sunset Crater eruption.  
Other MIs may have lost some of their initial H2O content prior to quenching. 
Inclusions that are smaller in size and/or close to the crystal surface are more likely to 
experience H2O loss than other MIs (e.g., Chen et al. 2011; Gaetani et al. 2012; Bucholz 
et al. 2013). MIs within very small crystal hosts are also susceptible to H2O loss because 
of the larger surface area of the crystal in proportion to its volume (e.g., Chen et al. 2011; 
Gaetani et al. 2012; Bucholz et al. 2013). The presence of daughter crystals in a MI can 
additionally indicate possible H2O loss. Daughter crystals generally form as a result of 
slow cooling (e.g., Lowenstern 1995), allowing time for significant H+ diffusion out of 
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the MI (e.g., Gaetani et al. 2012). The MIs with probable H2O loss were also excluded 
from the interpretation of the Sunset Crater plumbing system.  
 
4.5.3 Plumbing System of Sunset Crater Volcano 
 I next use the MI data to interpret the magma plumbing system beneath Sunset 
Crater volcano. The data include additional MIs from phase 3 that were analyzed as part 
of Chapter 3 of this dissertation. The MIs that show evidence of leakage or H2O loss as 
explained above have been excluded. The solubility model described in Chapter 2 of this 
dissertation was used to calculate fluid-saturated isobars and isopleths shown in Fig. 4.6. 
The calculation uses the thermodynamic parameters for the Sunset Crater composition for 
CO2 solubility (Table 2.4). For H2O solubility, the equation from Lesne et al. (2011a) for 
the Etna composition was used.  
 H2O and CO2 contents (glass + post-entrapment bubble) dissolved at entrapment 
for the Sunset Crater MIs are shown in Fig. 4.6. No obvious differences are observed in 
MI volatile contents between the fissure and sub-Plinian eruptive phases. Most of the MIs 
are clustered along the 0.03 fluid isopleth (푋H2O푓 ) at pressures between 400 MPa and 500 
MPa, suggesting deep magma storage in a closed system. The MIs do not preserve any 
record of shallow storage in the crust. Either magma transited the upper crust rapidly or 
the conditions at these pressures were not conducive to MI formation.  
Volatile saturation pressures for individual MIs were calculated using the 
solubility model from Chapter 2 as described above. Histograms of these saturation 
pressures are plotted in Fig. 4.7. The MIs record a depth range from 10 km to 18 km, 
although most MIs record pressures between 373 MPa to 512 MPa, corresponding to 
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depths of magma storage between ~13 km and 18 km. All individual eruptive phases 
show a bi-modal pressure distribution. The difference between the modes is roughly 30 
MPa to 60 MPa corresponding to a 1 km to 2 km difference in depth. Comparison of 
individual eruptive phases shows a trend through time of high average and median 
entrapment pressures during the fissure eruption, then lower pressures as the eruption 
progressed (Fig. 4.7). This trend suggests the eruption sampled a greater proportion of 
lower pressure MIs as the eruption proceeded. Physically, this perhaps suggests that a 
greater proportion of the deepest material was erupted during the initial fissure eruption 
compared to the sub-Plinian eruptions at the central vent. Alternatively, this could 
suggest that the magma was paused at a greater depth during the initial stages of the 
eruption, and paused at shallower levels as the eruption continued. There is, however, 
significant overlap in MI pressures between different eruptive phases, and all MI 
compositions are closely similar, suggesting one relatively homogeneous magma source.  
 
4.5.4 Processes Contributing to the Sub-Plinian Eruption 
 I theorize that the high CO2 content of the Sunset Crater magma drove rapid 
magma ascent at depth, where CO2 formed vapor bubbles in the magma storage region, 
and later exsolution of H2O at shallow levels produced acceleration within the conduit to 
generate this sub-Plinian eruption. Plagioclase microlite formation also likely occurred 
due to the exsolution of H2O (e.g., Alfano et al. 2013), simultaneously increasing the 
magma viscosity and contributing to explosive behavior. Lensky et al. (2006) 
demonstrate that CO2 exsolution in alkali basalt can produce significant overpressure 
capable of fracturing wall rock and capturing xenoliths at great depth. Calculations from 
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the MIs with larger bubbles in Chapter 3 of this dissertation suggest that there exists a 
volume CO2 vapor in the magma storage region that can be co-entrapped with MIs. These 
larger bubbles studied in Chapter 3 contain co-entrapped vapor ranging from ~700 ppm 
to ~3300 ppm of CO2. Further exsolution of CO2 could also occur during magma storage. 
The entrapment pressures of the MIs indicate magma storage between 512 MPa and 373 
MPa pressure. Experiments conducted by Lensky et al. (2006) yield CO2 bubbles tens of 
micrometers in diameter at pressures consistent with Sunset Crater magma storage. 
Additionally, as the magma ascends within this region, at least 1400 ppm CO2 could 
exsolve from the melt according to solubility calculations along the 0.03 푋H2O푓  isopleth 
(Fig. 4.6). All of this exsolved CO2 vapor in the magma storage region could have 
produced an overpressure, as discussed by Lensky et al. (2006), and driven rapid magma 
ascent, coupling the exsolved volatiles with the melt. Rapid ascent is also corroborated by 
a lack of MIs trapped between the deep magma storage region and the surface.  
The magma from Sunset Crater is similar to some of the compositions that have 
been erupted at Mt. Etna. Etna has slightly higher total alkali content than the Sunset 
Crater magma (5.4 wt% versus 4.2 wt%), but most other elements are comparable. Since 
Etna is known to produce explosive basaltic eruptions, it makes for a suitable comparison 
to Sunset Crater. A similar process was proposed for the 122 BC basaltic Plinian eruption 
at Mt. Etna (Sable et al. 2006). Sable et al. (2006) suggest that acceleration of magma 
ascent at depth could have been caused by formation of CO2 bubbles by increasing the 
overall volume and buoyancy of the magma. The rapid ascent rate also could have 
allowed for super-saturation of H2O in the melt, helping to generate a more explosive 
event when the H2O exsolution occurred (Sable et al. 2006).  
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The crystal content of magmas, both phenocryst and groundmass, has an 
influence on magma viscosity and may be important to explosive basaltic eruptions (e.g., 
Taddeucci et al. 2004; Cimarelli et al. 2010; Sable et al. 2006). In fact, the presence of 
microlites has been noted in a number of explosive basaltic eruptions (e.g., Taddeucci et 
al. 2004; Cimarelli et al. 2010). At Etna, the presence of microlites has been argued to 
have increased the overall magma viscosity to help couple the vapor and melt phases, 
particularly upon exsolution of the H2O phase (e.g., Sable et al. 2006). The Sunset Crater 
tephra has a low overall phenocryst content of roughly 6 vol% (Alfano et al. 2013). 
Textural analysis, however, has revealed that there are two distinct types of scoria with 
different crystal content, sometimes intermixed on a millimeter scale (Alfano et al. 2013). 
Alfano et al. (2013) described these two textures in the Sunset Crater tephra as 
sideromelane and tachylite components. The sideromelane component has a glassy 
groundmass, with high vesicularity and spherical bubbles (Alfano et al. 2013). The 
tachylite component has a microcrystalline groundmass with low vesicularity and 
irregular vesicles (Alfano et al. 2013). There is some evidence that the proportions of the 
two textures vary between the eruptive phases at Sunset Crater (Alfano et al. 2013). It is 
possible that microlites may have played a role in the explosivity of the Sunset Crater 
eruption, providing a viscous plug of material within the conduit. While the 122 BC Etna 
eruption was Plinian in scale rather than sub-Plinian like the Sunset Crater eruption, 
differences in the quantities of H2O, CO2, or microlites could be responsible for this 
contrast in scale. 
 Differences between the fissure eruption and the sub-Plinian phases may be 
related to the depth of the source magma, geometry of the vent (i.e., fissure vs. central 
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vent), or volume of microlite-rich material at shallow levels. As shown in Fig. 4.7, phase 
2 appears to have a larger volume of its material sourced from greater depths compared to 
the depths of phases 3 and 4 samples. At greater depth, less CO2 has exsolved from the 
melt, and so perhaps the overpressure was lower when phase 2 erupted compared with 
the pressure during phases 3 and 4. As the magma rose prior to the eruption of phases 3 
and 4, additional CO2 exsolved and generated a larger overpressure, resulting in a faster 
ascent rate upon eruption. Additionally, the fissure geometry likely contributed to the 
lower explosivity of phase 2. The fissure allows for a larger effective diameter of the 
vent, corresponding to lower vent velocities for the same magma supply rate. Finally, 
Alfano et al. (2013) find differences in the proportions of microlite-rich and microlite-
poor material, as well as differences in the interaction between these two textures, in 
tephra from phases exhibiting different eruptive behavior. This suggests that there were 
physical differences in the microlite-rich material plugging the conduit between the 
different eruptive phases (explosive vs. fissure eruptions).  
 
4.6 Conclusions 
 
 Sunset Crater volcano is a unique example of explosive basaltic volcanism, as it 
formed from a monogenetic eruption in a flat volcanic field and produced sub-Plinian 
plumes during its most explosive period. Results from MI analysis on samples from 
Sunset Crater tephra indicate very high CO2 contents (>3000 ppm) with ~1.2 wt% H2O. 
Volatile contents correspond to magma storage depths between 13 km and 18 km. MI 
data also supports the presence of a CO2 vapor phase in the storage region, which likely 
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generated significant overpressure to drive rapid magma ascent from depth. This rapid 
ascent, combined with H2O exsolution at shallow levels as well as possible plugging of 
the conduit with microlite-rich viscous material, provides sufficient momentum for a sub-
Plinian eruption. Differences in eruptive behavior do not appear to be generated by 
different batches of magma with variable volatile contents, but rather by the depth of the 
source magma, geometry of the vent, or volume of microlite-rich material at shallow 
levels.  
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Figure 4.1 Sample Locations for Crystals. P2 = Phase 2; P3 & P4 = Phases 3 and 4. Base 
map and isopachs from Ort et al. (2008). 
  
P2 P3 & P4
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Figure 4.2 Photomicrographs of Melt Inclusions from Sunset Crater. Images show strong 
faceting characteristics, including negative crystal shapes, as well as differences in the 
size and location of vapor bubbles.  
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Figure 4.3 Total Alkali-Silica Diagram Showing Sunset Crater Melt Inclusions. P2 = 
Phase 2 (fissure eruption); P3 = Phase 3 (sub-Plinian eruption); P4 = Phase 4 (sub-Plinian 
eruption).  
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Table 4.1 FTIR and Bubble Data for Phase 2 Melt Inclusions. 
 
  
MI 
H2OTotal 
(wt%) 
FTIRa 
CO2 
(ppm) 
FTIRa 
MI 
Long 
Axis 
(µm) 
MI 
Short 
Axis 
(µm) 
Bubble 
Axis 
(µm)  
Bubble 
Vol% 
CO2 
(ppm) 
in 
Bubble 
Correction 
Methodc 
Total 
CO2 
(ppm) 
Leak or 
H2O 
loss?d 
101 1.46 3006 89.99 85.84 32.66 5.13 1691 36% 4697  
102 1.37 2901 121.60 74.76 33.99 4.40 1632 36% 4533  
103 1.43 2904 88.50 67.03 21.39 2.12 1712 Full Bubble 4617  
105 1.36 2437 90.44 74.01 18.71 1.19 892 Full Bubble 3330  
107 1.39 2778 102.02 86.48 29.47 3.08 1563 36% 4341  
108 0.65 2187 151.87 48.54 35.51 6.06 1230 36% 3417 H2O Loss 
110 1.16 2253 60.93 51.19 16.81 2.72 1267 36% 3521  
111 1.37 2558 133.41 61.96 22.71 1.45 1121 Full Bubble 3679  
112 1.23 2633 124.59 115.57 39.44 3.55 1481 36% 4114  
115 1.34 2764 58.25 47.59 15.58 2.58 2112 Full Bubble 4876  
117 1.28 2948 79.13 64.63 24.39 3.95 1658 36% 4606  
118 1.41 3025 140.37 98.16 38.68b 3.52 1701 36% 4726  
119 0.83 1559 56.48 42.34 15.99 3.46 877 36% 2436  
120 1.28 2618 73.55 63.35 24.89 4.83 1472 36% 4090  
121 1.06 2357 61.08 34.71 12.02 1.71 1349 Full Bubble 3706  
122 1.26 2321 65.17 52.76 16.41 2.18 1761 Full Bubble 4083  
123 1.01 2335 56.44 50.79 16.72 3.04 1313 36% 3648  
124 1.06 1969 63.99 49.42 15.40 2.04 1637 Full Bubble 3606  
125 0.80 1460 70.48 50.55 20.79 4.17 821 36% 2281  
126 1.10 2024 82.33 64.04 30.99 7.71 1138 36% 3162  
127 1.13 2121 86.15 71.60 29.71b 5.39 1193 36% 3314  
129 1.41 2607 88.74 78.50 18.61 1.11 818 Full Bubble 3426  
130 1.07 1213 119.75 53.00 23.54 2.38 1940 Full Bubble 3153  
131 1.30 2725 77.03 45.73 16.41 2.04 1644 Full Bubble 4369  
132 0.70 2237 85.35 65.73 25.31 3.83 1258 36% 3495 H2O Loss 
134 0.52 2111 85.70 45.47 19.71 2.99 1187 36% 3298 H2O Loss 
135 1.08 1238 65.78 46.92 15.26 2.04 1643 Full Bubble 2881  
136 1.36 3024 68.57 49.94 15.12 1.70 1345 Full Bubble 4369  
137 1.32 2589 61.30 39.32 15.67 3.17 1457 36% 4046  
140 1.02 2211 55.63 49.50 15.33 2.49 2034 Full Bubble 4246  
a Volatile contents calculated by FTIR spectra (using the mid-IR peak for H2O), adjusted for post-entrapment crystallization 
 
b Effective bubble diameter as the inclusion contained >1 vapor bubble 
 
c See text for details of bubble corrections 
 
d MIs 108 & 134 are within ~40 µm of the nearest crystal surface; MI 132 is partially devitrified 
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Table 4.2 FTIR and Bubble Data for Phase 3 Melt Inclusions. 
 
MI 
H2OTotal 
(wt%) 
FTIRa 
CO2 
(ppm) 
FTIRa 
MI Long 
Axis 
(µm) 
MI Short 
Axis 
(µm) 
Bubble 
Axis 
(µm)  
Bubble 
Vol% 
CO2 
(ppm) in 
Bubble 
Correction 
Methodc 
Total 
CO2 
(ppm) 
Leak or 
H2O 
loss?d 
04 1.29 2106 71.07 44.56 12.73 1.13 836 Full Bubble 2942  
05 1.21 1114 99.42 99.42 43.91 8.61 626 36% 1740 Leaky 
08 1.05 2091 100.05 73.28 32.83 5.57 1176 36% 3267  
09 1.26 1974 75.58 62.40 32.80 10.85 1111 36% 3085  
11 1.10 2330 82.83 82.83 24.71b 2.65 2180 Full Bubble 4511  
13 1.20 2526 71.78 52.89 20.25 3.51 1421 36% 3947  
14 1.40 1074 222.64 186.42 88.13 8.06 604 36% 1678 Leaky 
15 0.77 2064 86.85 66.66 43.25 18.21 1161 36% 3224 H2O Loss 
16 0.79 2111 62.14 62.14 30.35 11.66 1188 36% 3299 H2O Loss 
17 1.23 2691 177.88 90.83 36.88 2.31 1878 Full Bubble 4569  
25e 0.83 0 88.52 59.78 49.56 31.03 n/a None n/a Leaky 
27 1.00 1989 81.40 68.48 25.58 4.01 1119 36% 3107  
28 0.77 1152 111.03 54.82 23.97 2.73 648 36% 1800 Leaky 
29 0.99 1163 117.32 76.43 35.11b 4.98 654 36% 1817 Leaky 
31 1.35 2648 122.63 46.99 23.08 2.52 2058 Full Bubble 4705  
37f 1.33 2165 87.77 68.69 n/a n/a n/a None n/a  
39 1.38 3041 87.85 70.49 26.04 3.60 1710 36% 4751  
a Volatile contents calculated by FTIR spectra, adjusted for post-entrapment crystallization 
 
b Effective bubble diameter as the inclusion contained >1 vapor bubble 
 
c See text for details of bubble corrections 
 
d Leakage: MI 05 has a large bubble; MI 14 contains a large bubble and is surrounded by a puddle; MI 25 contains a large bubble and is in 
close proximity to a fracture; MI 28 is near a probable healed fracture; MI 29 is surrounded by a puddle. H2O loss: MIs 15 & 16 are within 
~40 µm of the nearest crystal surface 
 
e MI 25 could not be adjusted for bubble contents as no CO2 was measured in the glass 
 
f MI 37 could not be adjusted for bubble contents because the bubble was polished away before measurements could be taken 
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Table 4.3 FTIR and Bubble Data for Phase 4 Melt Inclusions. 
 
  
MI 
H2OTotal 
(wt%) 
FTIRa 
CO2 
(ppm) 
FTIRa 
MI 
Long 
Axis 
(µm) 
MI 
Short 
Axis 
(µm) 
Bubble 
Axis 
(µm)  
Bubble 
Vol% 
CO2 
(ppm) 
in 
Bubble 
Correction 
Methodc 
Total 
CO2 
(ppm) 
Leak or 
H2O 
loss?d 
52 1.23 2478 94.01 64.92 22.38 2.31 1880 Full Bubble 4358  
53 0.95 1731 52.92 42.25 12.54 1.85 1475 Full Bubble 3206  
54 0.79 1408 76.84 46.93 24.16b 6.32 792 36% 2200  
55-1 1.39 2569 104.23 83.29 25.48 2.03 1632 Full Bubble 4202  
55-2 1.39 2580 70.27 54.98 12.21 0.75 507 Full Bubble 3087  
56 1.27 1983 148.72 109.77 39.83b 2.99 1116 36% 3099  
57 0.65 2116 91.11 78.79 24.02 2.27 1846 Full Bubble 3961 H2O Loss 
58 1.02 2221 89.02 83.46 29.17b 3.87 1249 36% 3470  
59 1.39 2359 105.08 90.69 26.93 2.09 1687 Full Bubble 4045  
60-1 1.11 1163 154.11 44.82 31.68b 4.63 654 36% 1817 Leaky 
60-2 1.07 2270 69.59 44.29 18.72 3.74 1277 36% 3547  
61 1.37 2647 94.60 87.66 27.68b 2.81 1489 36% 4136  
63 1.19 2458 105.71 89.21 26.90 2.12 1708 Full Bubble 4167  
65 1.30 2684 116.96 109.69 35.92 3.19 1510 36% 4194  
66 1.29 2061 92.21 88.74 29.04 3.31 1159 36% 3221  
67 1.15 2241 79.96 78.00 19.75 1.56 1222 Full Bubble 3464  
69e 1.42 1137 104.63 75.16 19.46 n/a n/a None n/a  
70 0.92 1659 68.50 59.20 17.77 2.17 1751 Full Bubble 3409  
71 1.27 2665 81.73 64.59 17.42 1.37 1049 Full Bubble 3713  
72-1 0.39 2162 60.58 44.05 16.69 3.33 1216 36% 3379 H2O Loss 
72-2f 0.32 2140 n/a n/a n/a  n/a n/a None n/a  
74 0.78 2085 54.79 45.13 22.10 8.74 1173 36% 3258  
75 1.31 2692 103.10 85.80 34.09 4.74 1514 36% 4206  
76 0.98 1829 80.97 60.47 14.69 0.92 651 Full Bubble 2481  
78 1.34 2170 149.99 131.82 35.03b 1.54 1203 Full Bubble 3373  
79 1.35 1045 230.12 194.22 86.93 6.93 588 36% 1632 Leaky 
82 1.42 3020 78.33 62.33 19.83 2.27 1842 Full Bubble 4862  
83 1.32 2344 51.45 44.05 16.14b 3.88 1318 36% 3662  
84 0.98 1946 74.20 61.10 18.60 2.10 1691 Full Bubble 3637  
86 1.31 2245 122.06 110.67 30.14b 1.74 1377 Full Bubble 3623  
87 1.13 2052 61.06 54.73 17.81 2.92 1154 36% 3207  
88 1.13 2419 82.48 69.81 18.89b 1.54 1199 Full Bubble 3617  
91 0.91 2283 102.38 99.06 28.24 2.20 1784 Full Bubble 4067 H2O Loss 
92 1.34 2988 91.37 82.74 22.87 1.82 1444 Full Bubble 4432  
93 1.14 2480 56.14 51.26 18.57 4.14 1395 36% 3874  
a Volatile contents calculated by FTIR spectra, adjusted for post-entrapment crystallization 
 
b Effective bubble diameter as the inclusion contained >1 vapor bubble 
 
c See text for details of bubble corrections 
 
d Leakage: MI 60-1 contains a large bubble and is surrounded by a puddle; MI 79 is surrounded by a puddle. H2O loss: MI 57 is 
relatively small, particularly in regard to its host crystal, and near to a crystal surface; MI 72-1 is fairly small (~60 µm maximum 
diameter); MI 91 is within ~40 µm of the nearest crystal surface 
 
e MI 69 could not be adjusted for bubble contents because the bubble was polished away before measurements could be taken 
 
f MI 72-2 could not be adjusted for bubble contents because the inclusion was not adequately imaged prior to the bubble being 
polished away 
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Figure 4.4 Comparison Between Raman and Equation Corrected CO2 Contents. MI data 
from Chapter 3 of this dissertation. MIs with bubbles smaller than 2.7 vol% are corrected 
for bubble CO2 contents using the Raman data as well as using Eq. 4.2.  
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Figure 4.5 Examples of Leaked Melt Inclusions. Left image depicts inclusion 14; right is 
inclusion 25. 
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Figure 4.6 H2O-CO2 Contents of Melt Inclusions. Volatile contents include contribution 
from melt inclusion vapor bubbles. Outlined symbols indicate that the MI contains a large 
(>2.7 vol%) vapor bubble; these MIs have been corrected only for the CO2 content in the 
bubble due to post-entrapment crystallization and shrinkage and not the excess co-
entrapped vapor. Inclusions that leaked or experienced H2O loss are not included on this 
plot. Isobars are calculated using thermodynamic model from Chapter 2; see text for 
details. Dashed line is the 0.03 푋H2O푓  isopleth.  
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Figure 4.7 Saturation Pressures of Melt Inclusions. Pressures calculated using 
thermodynamic model from Chapter 2 of this dissertation; see text for details. Average 
pressures: P2 = 437 MPa; P3 = 434 MPa; P4 = 421 MPa. Median pressures: P2 = 456 
MPa; P3 = 445 MPa; P4 = 421 MPa. 
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CHAPTER 5 
CONCLUSIONS 
 
This dissertation focuses on magmatic volatiles, primarily CO2, in alkali-rich 
mafic magmas and their potential contributions to highly explosive volcanic eruptions. I 
present new insights on the role of volatiles in mafic explosive volcanism through study 
of volatile solubility in these magmas (Chapter 2), techniques to derive total volatile 
budgets of eruptions through melt inclusions (MIs; Chapter 3), and an example case of 
the eruption of Sunset Crater volcano (Chapter 4). I summarize and discuss the important 
conclusions and impacts from each of the projects detailed in this dissertation, as well as 
paths for future research on these topics. The primary impact of this work relates to 
measurement and interpretation of pre-eruptive volatile contents determined from MIs 
and what this data indicates for explosive volcanic eruptions. 
 
5.1 Compositional Dependence of Volatile Solubility in Mafic Magmas 
 
5.1.1 Conclusions and Impacts 
 Mafic magma compositions rich in alkali elements (sodium and potassium) are 
capable of dissolving increased quantities of volatiles, particularly CO2. My volatile 
solubility experiments (Chapter 2), conducted at mid-crustal pressures, yield valuable 
information on CO2 solubility in a range of mafic magma compositions at depths that had 
previously been poorly constrained. I conclude that CO2 solubility in mafic magmas is 
not represented by a simple scaling with total alkali content, and that existing models do 
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not accurately estimate CO2 solubility at mid-crustal pressures. A simple thermodynamic 
model proves to be a strong predictor of CO2 solubility when appropriately calibrated 
with a wide pressure range of experimental data. My general model indicates that sodium 
and calcium have the strongest effect on CO2 solubility in this compositional range, and 
that additional compositional factors such as the ratio of sodium to total alkali content 
also likely play a role in CO2 solubility.  
 There are three main impacts of my volatile solubility research. First, it yields 
information that can help describe important processes occurring at depth in magmatic 
systems. For example, my experiments indicate that CO2 can be dissolved in larger 
quantities in alkali-rich mafic magmas, and this large mass of CO2 has the potential to 
drive explosive eruptions upon exsolution (e.g., Woods and Cardoso 1997; Sable et al. 
2006). My volatile solubility data additionally provides constraints on the depth of 
volatile exsolution at mid-crustal pressures, which can be used to model physical aspects 
of eruptions and better understand possible eruptive scenarios. Second, well-calibrated 
volatile solubility models allow for accurate interpretation of MI data. When combined 
with an appropriate solubility model, data from MIs can be used to resolve depths and 
other characteristics of magmatic plumbing systems. In fact, I use this solubility model to 
interpret MIs and the Sunset Crater eruption in Chapter 4. Finally, the general model 
developed in Chapter 2 can be applied to unstudied magmas in this compositional range, 
so there are many different volcanic systems that can be more accurately interpreted as a 
result of this work.  
  
5.1.2 Future Directions 
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5.1.2.1 Low H2O Experiments 
 One notable limitation of the thermodynamic model is that it does not include any 
possible effects of low H2O content on CO2 solubility. Mixed, low H2O volatile solubility 
experiments are clearly needed to better understand volatiles in silicate melts. Because 
water is a primary component of Earth’s atmosphere, it can be challenging to control the 
fluid composition in a low H2O experiment. However, a solution to this issue is currently 
being developed at ASU via dehydration in a vacuum line prior to sealing experimental 
capsules.  
 
5.1.2.2 Absorption Coefficients for FTIR for Mafic Magmas 
 Another potential complication and direction for future research arises when 
considering the analysis of solubility experiments. Volatile contents of silicate glasses are 
often quantified by FTIR analysis, which is dependent on empirically derived absorption 
coefficients. For example, in alkali-rich mafic magmas, the Dixon and Pan (1995) 
relationship, based on data from four mafic compositions, is generally utilized to 
calculate the absorption coefficients for carbonate peaks in FTIR spectra. Because it only 
utilizes the sodium and calcium contents of magma compositions, the Dixon and Pan 
(1995) relationship could yield inaccurate coefficients for ultra-potassic magma 
compositions (e.g., Behrens et al. 2009). It is also not currently clear if H2O content can 
affect IR absorption of CO3, thereby requiring different coefficients based on total H2O 
content present in the sample. It would therefore be highly beneficial to update these 
compositional relationships for FTIR absorption coefficients. The glasses from my 
volatile solubility experiments would provide an excellent range of composition as well 
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as H2O and CO2 contents for such calibration. These glasses could be analyzed for 
volatile contents using a bulk determination method, or perhaps using another analytical 
apparatus like the ion probe. This would allow for to corroboration of the volatile 
contents calculated by FTIR and also an adjustment of the compositional relationships for 
absorption coefficients.  
 
5.1.2.3 Molar Volume: Why Alkali Content Affects CO2 Solubility? 
While my general thermodynamic model helps illuminate what compositional 
factors have the greatest impact on CO2 solubility, it does not elucidate why different 
elements affect CO2 solubility more strongly than others. One possibility is that the 
pseudo-structure of the melt determines the amount of CO2 that can be dissolved (e.g., 
Mysen 1976). It is therefore conceivable that the partial molar volume parameter in the 
thermodynamic model, ∆푉푟0,푚, may be closely linked to the total molar volume of the 
melt. A study of the molar volumes of alkali-rich mafic magmas could reveal this 
possible relationship, and would be useful in further calibration of the thermodynamic 
model. Because H2O content is also significant in the calculation of total molar volume 
(Ochs and Lange 1999), the ∆푉푟0,푚 parameter may also prove crucial for allowing the 
thermodynamic model to account for the possible effect that low H2O contents have on 
CO2 solubility. 
 
5.2 Techniques of Vapor Bubble Analysis and Effects on Melt Inclusion Research 
 
5.2.1 Conclusions and Impacts 
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 MI vapor bubbles may contain significant CO2 and need to be considered to 
accurately interpret volcanic eruptions. Through my analysis of MI bubbles from Sunset 
Crater samples, I found that it may not be possible to rehomogenize MIs with high CO2 
contents, but the Raman method is effective with appropriate instrument calibration and 
CO2 standards. Additionally, the Raman method allows for separate consideration of 
vapor that exsolved due to post-entrapment cooling versus co-entrapped vapor. In 
samples from Sunset Crater, I calculate that on average, 36% of the total CO2 content 
dissolved in the magma at the time of MI entrapment sequestered into a vapor bubble 
prior to eruption. Additionally, co-entrapped vapor in some of the Sunset Crater MIs 
indicate the presence of exsolved vapor at great depth in the magma plumbing system.  
This work reveals valuable information on the total budget of CO2 in basaltic 
magmas. MI bubbles, even in CO2-rich samples like the Sunset Crater MIs, yield 
significant CO2 that is important for interpretation of magmatic plumbing systems. My 
bubble analysis also suggests the presence of exsolved vapor deep within the magma 
storage region, which has important implications for the dynamics of the eruption of this 
magma and other basalts.  
My research on MI bubbles also provides helpful insight on the techniques used 
to account for vapor bubble contents. I demonstrate that MIs with unstudied vapor 
bubbles can be corrected for bubble contents using trends from bubble analysis of 
samples from the same eruption. The Raman method is a powerful, yet also fairly novel 
tool, and studies like this one include useful details that can assist in technique 
development. For example, I manufactured CO2 standards for calibration of the 
densimeter for Raman analysis, and this process can be utilized in other laboratories. 
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Finally, my work also expands upon a model for calculation of bubble volumes that can 
form from post-entrapment crystallization and shrinkage. This distinction is very 
important for MI bubble analysis as larger bubbles may include co-entrapped vapor or 
may have formed as a result of MI leakage.  
 
5.2.2 Future Directions 
 Because of the novelty of the technique, there are a few areas that could be 
explored in more detail to improve results from Raman analysis of vapor bubbles. First, it 
would be very useful to develop CO2 standards that are either widely available to 
purchase or easily manufactured in a standard petrology lab. Second, the Raman method 
is highly dependent on volume measurements, and these could perhaps be quantified with 
more precision using a high-resolution 3D imaging technique. Third, some MIs contain 
carbonate crystals along the rim of their bubbles, and the CO2 stored in these crystals is 
currently not well constrained. It would be beneficial to develop a technique to determine 
the volumes of these crystals using scanning electron microscopy or 3D imaging. Finally, 
the bubble volume model should be given further consideration. One of the main factors 
required in the model is the glass transition temperature, which depends on both quench 
rate and H2O content. Experiments on the effect of quench rate on the glass transition 
temperature, as well as modeling of basaltic plumes to determine realistic quench rates, 
could be completed to improve the bubble volume model.  
 
5.3 Volatiles in the Sub-Plinian Eruption of Sunset Crater Volcano 
5.3.1 Conclusions and Impacts 
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 My case study of the Sunset Crater sub-Plinian eruption exemplifies the impacts 
of the other chapters of this dissertation. The magma composition is rich in alkalis, 
which, as established in Chapter 2, means it is capable of dissolving more CO2 than 
subalkaline basalts. The MIs from this eruption contain abundant CO2 in addition to 
moderate H2O, and the MIs contain additional significant CO2 in their vapor bubbles, as 
determined in Chapter 3. According to the volatile solubility model from Chapter 2, these 
volatile contents correlate to depths of MI entrapment between 13 km to 18 km. The 
results from Chapter 3 also indicate exsolved vapor in this magma storage region. This 
volatile data suggests that exsolved CO2 at depth generated overpressure to drive rapid 
magma ascent, contributing to the explosive behavior of this volcano. Because I do not 
find strong differences in volatile content between different phases of the eruption (i.e., 
fissure vs. sub-Plinian activity), I conclude that shallow processes also affected the final 
eruptive behavior. For example, the change in geometry from the fissure to the central 
vent, or perhaps different amounts of microlite-rich magma at shallow levels may have 
produced differences in explosivity.  
The eruption of Sunset Crater is unique in the literature, and it provides an 
interesting framework to interpret other monogenetic volcanic fields and explosive mafic 
volcanoes. The high CO2 content of this magma seems to have played a large role in the 
eruptive style. Other alkali-rich mafic systems also have the potential to store large 
quantities of CO2 at deep levels, and should be closely examined for this style of 
behavior. This research demonstrates that abundant CO2 can perhaps provide a means to 
overcome the effects of the low viscosity of mafic magmas and produce highly explosive 
eruptions.  
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5.3.2 Future Directions 
 There are three other types of samples from Sunset Crater that could be explored 
to better understand this eruption. First, it would be very illuminating to analyze MIs 
from other eruptive phases, like from the beginning of the eruption (Phase 1), or perhaps 
some of the later Strombolian-style eruptions. Samples from the early and late stages of 
the eruption are unfortunately difficult to obtain in the field, particularly in the quantities 
needed to find the necessary olivine crystals. Second, I would like to link the deep melt 
inclusion data to the shallow conduit processes through textural analysis. Other 
researchers at ASU have studied textures in scoria from this eruption, and I will 
collaborate with them to provide additional interpretation of the eruption. Finally, it 
would be interesting to study re-entrants (MIs that did not become fully enclosed by the 
crystal host) to attempt to ascertain details of the path of the magma from deep storage to 
the shallow conduit (e.g., Lloyd et al. 2014).  
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 Appendix A contains additional material relevant to the volatile solubility 
experiments discussed in Chapter 2. Sections A.1 and A.2 contain MATLAB codes to 
calculate H2O and CO2 vapor fugacities. Compositional data for each individual 
experiment is listed in Table A.1. The regressions to determine values of thermodynamic 
parameters ∆푉푟0,푚 and K0(P0, T0) for 5 of the 6 magma compositions used in the 
experiments are shown in Figs. A.1-A.4; the other regression (for the Etna composition) 
is shown in Chapter 2 (Fig. 2.9). Finally, selection of the experimental data from the 
literature for inclusion in the general model is discussed in section A.3 and Tables A.2 
and A.3.  
 
A.1 MATLAB Code for Calculation of H2O Fugacity 
 
function user_fh2ocalc 
%Calculate H2O fugacity (in bar) given temperature in degrees Celsius and  
%pressure in bar 
  
%Translated from Quickbasic script given Holloway and Blank, 1994 (Reviews  
%in Mineralogy and Geochemistry vol. 30) 
  
%acquire T and P information 
TC = input('Enter Temperature in degrees Celsius: '); 
pb = input('Enter Pressure in bars: '); 
  
%Convert to Kelvin 
TK = TC+273.15; 
  
R = 83.144621; 
b = 14.5; 
  
RXT = R*TK; 
RT = R*TK^1.5*.000001; 
  
ah2o = 115.98-.0016295*TK-1.4984e-05*TK^2; 
  
A2B = ah2o/(b*RT); 
BP = pb*b/RXT; 
  
TH = 1/3; 
  
if A2B < 1e-10 
    A2B = .001; 
end 
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RR = -A2B*BP*BP; 
QQ = BP*(A2B-BP-1); 
XN = QQ*TH+RR-.074074; 
xm = QQ-TH; 
XNN = XN*XN/4; 
XMM = xm*xm*xm/27; 
ARG = XNN+XMM; 
  
if ARG > 0 
X = sqrt(ARG); 
    F = 1; 
    XN2 = -XN/2; 
    iXMM = XN2+X; 
    if iXMM < 0 
        F = -1; 
    end 
    XMM = F*((F*iXMM)^TH); 
    F = 1; 
    iXNN = XN2-X; 
    if iXNN < 0 
        F= -1; 
    end 
    XNN = F*((F*iXNN)^TH); 
    Z = XMM+XNN+TH; 
    ZBP = Z-BP; 
    if ZBP < .000001 
        ZBP = .000001; 
    end 
    BPZ = 1+BP/Z; 
    FP = Z-1-log(ZBP)-A2B*log(BPZ); 
    if FP < -37 || FP > 37 
        FP = .000001; 
    end 
elseif ARG < 0 
    COSPHI = sqrt(-XNN/XMM); 
    if XN > 0 
        COSPHI = -COSPHI; 
    end 
    TANPHI = sqrt(1-COSPHI*COSPHI)/COSPHI; 
    PHI = atan(TANPHI)*TH; 
    FAC = 2*sqrt(-xm*TH); 
    %sort for largest root 
    R1 = cos(PHI); 
    R2 = cos(PHI+2.0944); 
    R3 = cos(PHI+4.18879); 
    RH = R2; 
    if R1 > R2 
        RH = R1; 
    end 
    if R3 > RH 
        RH = R3; 
    end 
    Z = RH*FAC+TH; 
    ZBP = Z-BP; 
    if ZBP < .000001 
        ZBP = .000001; 
    end 
    BPZ = 1+BP/Z; 
    FP = Z-1-log(ZBP)-A2B*log(BPZ); 
    if FP < -37 || FP > 37 
        FP = .000001; 
    end 
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else 
    FP = 1; 
    Z = 1; 
end 
  
PUREG = FP + log(pb); 
stdfh2o = exp(PUREG); 
  
fprintf('H2Ofugacity = %5.4f\n', stdfh2o)  
 
A.2 MATLAB Code for Calculation of CO2 Fugacity 
 
function user_fco2calc 
%Calculate CO2 fugacity (in bar) given temperature in degrees Celsius and  
%pressure in bar 
  
%Translated from Quickbasic script given Holloway and Blank, 1994 (Reviews  
%in Mineralogy and Geochemistry vol. 30) 
  
%acquire T and P information 
TC = input('Enter Temperature in degrees Celsius: '); 
pb = input('Enter Pressure in bars: '); 
  
%Convert to atmospheres and Kelvin 
PO = 4000/1.013; 
PA = pb/1.013; 
TK = TC+273.15; 
  
%MRK below 4kb and Saxena above 4kb 
if pb > 4000 
    %Calculate FP at T and 4Kb 
    iPUREG = RKCALC(TK, PO); 
    XLNF = Saxena(TK, pb); 
    PUREG = iPUREG+XLNF; 
else 
    PUREG = RKCALC(TK, PA); 
end 
  
%Convert from LN fugacity to fugacity 
stdfco2 = exp(PUREG); 
fprintf('CO2fugacity = %5.4f\n', stdfco2) 
 
  
  
function PUREG = RKCALC(T, P) 
%Calculation of pure gas MRK properties following Holloway 1981, 1987 
%P is in atm, T in Kelvin. Returns ln fugacity 
  
R = 82.05736; 
RR = 6732.2; 
pb = 1.013*P; 
PBLN = log(pb); 
TCEL = T-273.15; 
RXT = R*T; 
RT = R*T^1.5*.000001; 
  
%Calculate T dependent MRK A parameter CO2 
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ACO2M = 73.03-.0714*TCEL+2.157e-05*TCEL*TCEL; 
  
%Define MRK B parameter for CO2 
BSUM = 29.7; 
ASUM = ACO2M/(BSUM*RT); 
BSUM = P*BSUM/RXT; 
XLNFP = REDKW(BSUM, ASUM); 
%Convert to LN fugacity 
PUREG = XLNFP+PBLN; 
  
  
function XLNFP = REDKW(BP, A2B) 
%The RK routine 
%A routine to calc compressibility factor and fugacity coefficient with the 
%Redlick-Kwong equation following Edmister (1968). This solution for  
%supercritical fluid 
%Returns a value of 1 for FP if arguments out of range 
  
TH = 1/3; 
  
if A2B < 1E-10 
    A2B = .001; 
end 
  
RR = -A2B*BP*BP; 
QQ = BP*(A2B-BP-1); 
XN = QQ*TH+RR-.074074; 
XM = QQ-TH; 
XNN = XN*XN/4; 
XMM = XM*XM*XM/27; 
ARG = XNN+XMM; 
  
if ARG > 0 
X = sqrt(ARG); 
    F = 1; 
    XN2 = -XN/2; 
    iXMM = XN2+X; 
    if iXMM <0 
        F = -1; 
    end 
    XMM = F*((F*iXMM)^TH); 
    F = 1; 
    iXNN = XN2-X; 
    if iXNN < 0 
        F= -1; 
    end 
    XNN = F*((F*iXNN)^TH); 
    Z = XMM+XNN+TH; 
    ZBP = Z-BP; 
    if ZBP < .000001 
        ZBP = .000001; 
    end 
    BPZ = 1+BP/Z; 
    FP = Z-1-log(ZBP)-A2B*log(BPZ); 
    if FP < -37 || FP > 37 
        FP = .000001; 
    end 
    XLNFP = FP; 
elseif ARG < 0 
    COSPHI = sqrt(-XNN/XMM); 
    if XN > 0 
        COSPHI = -COSPHI; 
    end 
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    TANPHI = sqrt(1-COSPHI*COSPHI)/COSPHI; 
    PHI = atan(TANPHI)*TH; 
    FAC = 2*sqrt(-XM*TH); 
    %sort for largest root 
    R1 = cos(PHI); 
    R2 = cos(PHI+2.0944); 
    R3 = cos(PHI+4.18879); 
    RH = R2; 
    if R1 > R2 
        RH = R1; 
    end 
    if R3 > RH 
        RH = R3; 
    end 
    Z = RH*FAC+TH; 
    ZBP = Z-BP; 
    if ZBP < .000001 
        ZBP = .000001; 
    end 
    BPZ = 1+BP/Z; 
    FP = Z-1-log(ZBP)-A2B*log(BPZ); 
    if FP < -37 || FP > 37 
        FP = .000001; 
    end 
    XLNFP = FP; 
else 
    FP = 1; 
    Z = 1; 
    XLNFP = FP; 
end 
  
  
function XLNF = Saxena(TK, pb) 
%High pressure corresponding states routines from Saxena and Fei (1987) GCA 
%Vol. 51, 783-791 
%Returns natural log of the ratio F(P)/F(4000 bar) as XLNF array 
  
%Define integration limit 
PO = 4000; 
  
%Critical temperatures and pressures for CO2 
TR = TK/304.2; 
PR = pb/73.9; 
PC = 73.9; 
  
%Virial coefficients 
A = 2.0614-2.2351/TR^2-.39411*log(TR); 
B = .055125/TR+.039344/TR^2; 
C = -1.8935e-06/TR-1.1092e-05/TR^2-2.1892e-05/TR^3; 
D = 5.0527e-11/TR-6.3033e-21/TR^3; 
  
%Calculate molar volume 
Z = A+B*PR+C*PR^2+D*PR^3; 
V = Z*83.0117*TK/pb; 
  
%integrate from PO (4000 bars) to P to calculate ln fugacity 
LNF = A*log(pb/PO)+(B/PC)*(pb-PO)+(C/(2*PC^2))*(pb^2-PO^2); 
LNF = LNF+(D/(3*PC^3))*(pb^3-PO^3); 
XLNF = LNF;  
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A.3 Selection of Additional Experimental Data for Generation of the General 
Thermodynamic Model 
 
I utilized the following criteria to select experiments from the literature 
(Shishkina et al. 2010; Lesne et al. 2011b; Iacono-Marziano et al. 2012; Vetere et al. 
2014) to include in the determination of ∆푉푟0,푚 and K0(P0, T0). Aside from the necessary 
exclusion of pure H2O experiments, I also excluded experiments with 푋H2O푓  values below 
0.1. The experiments I utilized from the literature determined fluid composition by mass 
loss rather than from the manometry method I employed for my experiments. For 푋H2O푓  
values below 0.1, there is only a very small mass of H2O in the fluid (generally <0.1 mg), 
which may not be accurately quantified using the mass loss method. There were four 
additional experiments in Shishkina et al. (2010) that were excluded because their 푋H2O푓  
values were not successfully determined by the mass loss method. I also excluded some 
experiments with very low values of (P-P0)/RT, because the determination method does 
not perform well at very low partial pressures of CO2 (Holloway and Blank 1994). In 
particular, experiments with low (P-P0)/RT values and CO2 abundances below ~175 ppm 
were targeted for exclusion.  
The additional experimental data included in the ∆푉푟0,푚 and K0(P0, T0) 
determination for the Italian volcano compositions (Etna, Stromboli, and Vesuvius) from 
Lesne et al. (2011b) and Iacono-Marziano et al. (2012) are shown in Table A.2. The 
experiments utilized to determine the thermodynamic parameters for composition AH3 
from Vetere et al. (2014) and N72 from Shishkina et al. (2010) are included in Table A.3. 
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I did not individually select experimental data for the basanite and leucitite compositions 
because the thermodynamic parameters for these compositions were previously 
determined by Holloway and Blank (1994) and Thibault and Holloway (1994). 
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Table A.1 Compositional Data for Each Experiment. Normalized major element oxide 
compositions (in wt%) from electron microprobe analysis for each experiment. Values 
listed are averages of ~4 points on different glass chips. P2O5 was not analyzed in glasses 
from experiments Z-22 and Z-15. 
  
Experiment MgO Na2O SiO2 Al2O3 CaO FeO K2O TiO2 MnO P2O5 
SU-7 6.42 3.22 53.30 16.75 9.32 7.58 1.35 1.14 0.17 0.74 
SU-1 6.34 3.30 52.63 17.17 9.44 7.55 1.41 1.16 0.19 0.79 
SU-6 6.75 3.21 53.12 16.59 9.30 7.68 1.32 1.14 0.18 0.70 
SU-2 6.20 3.36 52.82 17.29 9.26 7.44 1.42 1.19 0.17 0.82 
Z-32 8.58 3.46 48.21 16.44 10.06 9.92 0.82 1.86 0.18 0.47 
SB-3 8.56 3.47 48.20 16.56 10.08 9.77 0.82 1.87 0.19 0.49 
SB-4 8.75 3.47 48.13 16.62 10.09 9.61 0.81 1.84 0.17 0.49 
Z-31 3.19 6.16 48.38 19.27 6.93 8.92 2.89 2.81 0.25 1.19 
EB-4 3.27 6.10 48.47 19.47 7.04 8.28 2.95 2.86 0.27 1.29 
EB-5 3.26 6.18 48.61 19.65 7.07 7.85 2.98 2.86 0.26 1.27 
VS-1 6.79 1.94 49.20 15.50 11.77 7.01 5.93 0.98 0.22 0.64 
VS-3 6.89 1.90 49.26 15.37 11.89 6.81 6.01 0.99 0.24 0.65 
Z-33 6.79 1.89 49.11 15.38 11.86 7.09 6.01 0.99 0.22 0.67 
VS-2 6.75 1.94 49.37 15.38 11.70 7.12 5.89 0.98 0.21 0.65 
ET-8 6.33 3.65 48.77 16.98 11.26 8.70 1.79 1.79 0.18 0.53 
Z-22 6.41 3.75 48.80 17.37 11.42 8.52 1.87 1.69 0.18  
ET-9 6.21 3.64 48.45 17.16 11.16 8.95 1.87 1.79 0.18 0.57 
ET-5 6.36 3.67 48.91 16.94 11.18 8.64 1.78 1.79 0.19 0.53 
Z-15 6.37 3.68 49.06 17.22 11.42 8.54 1.82 1.69 0.19  
ST-3 8.03 2.46 50.03 16.74 12.74 6.56 1.99 0.82 0.20 0.41 
ST-6 8.00 2.45 49.72 16.89 12.62 6.94 1.96 0.81 0.20 0.41 
ST-4 8.16 2.42 49.81 16.65 12.75 6.95 1.88 0.78 0.20 0.39 
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Figure A.1 Determination of Thermodynamic Parameters for Sunset Crater and SFVF 
Compositions. The terms f and X correspond to the CO2 fugacity and the mole fraction of 
CO2 dissolved in the melt (푋퐶푂2푚 ), respectively. The slope of a linear regression of the 
data represents the partial molar volume (∆푉푟0,푚) and the y-intercept represents the 
inverse value of ln K0.  
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Figure A.2 Determination of Thermodynamic Parameters for Erebus Composition. The 
terms f and X correspond to the CO2 fugacity and the mole fraction of CO2 dissolved in 
the melt (푋퐶푂2푚 ), respectively. The slope of a linear regression of the data represents the 
partial molar volume (∆푉푟0,푚) and the y-intercept represents the inverse value of ln K0.  
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Figure A.3 Determination of Thermodynamic Parameters for Stromboli Composition. 
Squares represent experiments conducted in this study (described in Chapter 2), and 
circles represent experiments from Lesne et al. (2011b). The terms f and X correspond to 
the CO2 fugacity and the mole fraction of CO2 dissolved in the melt (푋퐶푂2푚 ), respectively. 
The slope of a linear regression of the data represents the partial molar volume (∆푉푟0,푚) 
and the y-intercept represents the inverse value of ln K0. 
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Figure A.4 Determination of Thermodynamic Parameters for Vesuvius Composition. 
Squares represent experiments conducted in this study (described in Chapter 2), and 
circles represent experiments from Lesne et al. (2011b). The terms f and X correspond to 
the CO2 fugacity and the mole fraction of CO2 dissolved in the melt (푋퐶푂2푚 ), respectively. 
The slope of a linear regression of the data represents the partial molar volume (∆푉푟0,푚) 
and the y-intercept represents the inverse value of ln K0. 
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Table A.2 Additional Experiments for the Italian Volcano Compositions. These 
experiments were included in the determination of ∆푉푟0,푚 and K0(P0, T0) for the Etna, 
Stromboli, and Vesuvius compositions (see Figs. 2.9, A.3, and A.4). All experiments 
conducted at 1200 °C. 
 
  
Experi-
menta 
Pressure 
(bar) 푿퐇ퟐ퐎풇 b H2O (wt%)c CO2 (ppm) 풇퐂퐎ퟐ (bar) 푿푪푶ퟐ풎 d Pressure CO2 (bar)e 
Etna        
Lesne 2#8 1013 0.23 1.55 758 975 0.00050 816 
Lesne 3#5 524 0.11 0.73 439 521 0.00030 471 
I-M 1 485 0.32 0.95 306 366 0.00025 340 
I-M 5 1015 0.16 0.99 843 1064 0.00069 879 
I-M 6 1015 0.51 2.12 548 621 0.00045 551 
I-M 8 1017 0.12 0.80 808 1118 0.00067 916 
I-M 9 1017 0.49 2.08 534 648 0.00043 573 
I-M 10 1530 0.19 1.43 1278 1739 0.00105 1305 
I-M 14 2047 0.10 1.04 1853 2912 0.00153 1904 
I-M 15 2047 0.39 2.82 1489 1974 0.00120 1437 
I-M 20 2754 0.13 1.64 2515 4466 0.00206 2527 
I-M 22 3080 0.36 3.54 2416 3966 0.00194 2342 
I-M 25 4185 0.24 3.31 4061 8344 0.00327 3637 
I-M 26 4185 0.13 2.16 4230 9552 0.00344 3906 
Stromboli        
Lesne 1#6 2059 0.14 1.58 1196 2820 0.00098 1862 
Lesne 3#6 524 0.14 0.71 285 507 0.00024 459 
Lesne 19#3 1062 0.10 0.91 626 1202 0.00052 972 
Vesuvius        
Lesne 3#4 524 0.17 0.82 573 484 0.00047 440 
Lesne 4#4 269 0.36 0.85 212 183 0.00017 176 
Lesne 19#1 1062 0.12 1.02 1006 1174 0.00083 953 
a “Lesne” indicates experiments from Lesne et al. (2011b) and “I-M” indicates experiments from 
Iacono-Marziano et al. (2012) 
 
b Fluid compositions determined by mass loss in these studies 
 
c H2O contents determined by FTIR spectroscopy 
 
d 푋퐶푂2푚  values calculated using the following equation:  푋퐶푂2푚 = (wt% CO2/44)/[(100 – wt% H2O – wt% CO2)/36.594 + wt% H2O/18 + wt% CO2/44] 
 
e Pressure CO2 is the partial pressure of the experiment due to the CO2 fluid, which is calculated from 
the CO2 fugacity 
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Table A.3 Experiments from the AH3 and N72 Compositions. These experiments were 
included in the determination of ∆푉푟0,푚 and K0(P0, T0) for these compositions so that they 
could be used to construct the general model. All experiments conducted at 1250 °C. 
 
 
Experimenta 
Pressure 
(bar) 푿퐇ퟐ퐎풇  H2O (wt%)b CO2 (ppm) 풇퐂퐎ퟐ (bar) 푿푪푶ퟐ풎 c Pressure CO2 (bar)d 
AH3_2 5000 0.85 8.59 4600 2414 0.00352 1678 
AH3_3 5000 0.64 6.97 8300 5795 0.00645 2994 
AH3_4 5000 0.30 3.73 10900 11267 0.00874 4295 
N72 M34 3000 0.87 5.70 375 756 0.00029 658 
N72 M3 2000 0.47 3.21 598 1638 0.00048 1252 
N72 M35 3000 0.57 4.20 1019 2500 0.00081 1721 
N72 M30 4000 0.67 5.65 1271 3216 0.00100 2055 
N72 M36 3000 0.34 2.82 1392 3838 0.00113 2314 
N72 M40 4000 0.31 3.07 2183 6724 0.00176 3265 
N72 M44 5000 0.27 4.00 3029 11357 0.00242 4312 
N72 M19 5000 0.18 3.29 3277 12758 0.00264 4558 
N72 M43 5000 0.16 2.62 3172 13069 0.00257 4611 
a AH3 experiments are from Vetere et al. (2014) and N72 are from Shishkina et al. (2010) 
 
b H2O contents determined by Karl-Fischer titration 
 
c 푋퐶푂2푚  values calculated using the following equation:  푋퐶푂2푚 = (wt% CO2/44)/[(100 – wt% H2O – wt% CO2)/36.594 + wt% H2O/18 + wt% CO2/44] 
 
d Pressure CO2 is the partial pressure of the experiment due to the CO2 fluid, which is calculated from 
the CO2 fugacity 
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APPENDIX B 
SUPPLEMENTARY MATERIAL FOR MELT INCLUSION BUBBLES 
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 This appendix contains additional material relevant to the melt inclusion bubbles 
discussed in Chapter 3. Table B.1 lists the uncorrected MI compositions for comparison 
with the corrected compositions in Table 3.3. Additional details of the Raman 
measurements are described in section B.1 and Tables B.2-B.4. Finally, sample 
calculations using the MI bubble volume model are discussed in section B.2 and Tables 
B.5-B.7. 
 
B.1 Details of Raman Data Collection 
 
 Two sessions on the Raman spectrometer were conducted to analyze all MIs. 
Calibration standards were utilized to adjust the Raman shift axis to the true values. 
Calibration data is contained in Table B.2. A second order polynomial fit applied to the 
calibration data (Table B.2) from session 1 yields:  
True Raman shift value (cm-1) = 6E-6 * MPV (cm-1)2 + 0.9879 * MPV (cm-1) – 0.5933; 
R2 = 1,              (B.1) 
where MPV indicates the measured peak value from an uncorrected Raman spectrum.  
A second order polynomial fit applied to the calibration data (Table B.2) from session 2 
yields:  
True Raman shift value (cm-1) = 5E-6 * MPV (cm-1)2 + 0.9886 * MPV (cm-1) – 0.9487; 
R2 = 1.              (B.2) 
 CO2 vapor standards were also analyzed to correct densities calculated using the 
Fall et al. (2011) densimeter to the true CO2 densities. Equations B.1 and B.2 were first 
applied to each Raman spectrum, and then values for the Fermi diad peaks were 
 192 
determined from Gaussian-Lorentzian peak-fitting. Values for CO2 density were then 
calculated using the Fall et al. (2011) CO2 densimeter. To shift these calculated CO2 
densities to their true values as calculated from physical measurements, a linear 
regression was applied. The regression of the capillary data (Table B.3) from session 1 
yields: 
CO2 density (g/cm3) = 1.122 * CO2 density from Fall et al. (2011) equation (g/cm3) + 
0.0961; R2 = 0.9976.            (B.3) 
A linear regression of the capillary data (Table B.3) from session 2 yields: 
CO2 density (g/cm3) = 0.9983 * CO2 density from Fall et al. (2011) equation (g/cm3) + 
0.0097; R2 = 0.9976.            (B.4) 
 Equations B.3 and B.4 were then applied to the MI data in Table B.4 to calculate 
CO2 densities for all MI bubbles (Table 3.5). 
 
B.2 Sample Calculation of Post-Entrapment Bubble Model 
 
 For calculations using the bubble volume model, Aster et al. (2016) start with a 
MI composition that has one of the lowest values of SiO2 and one of the highest values of 
MgO. I select this primitive composition as the corrected composition of MI a-06. The 
primitive H2O content is calculated from the highest H2O/K2O ratio observed in MIs, 
then multiplied by the K2O value of the primitive MI composition (Aster et al. 2016). For 
MI a-06, this yields a value of 1.54 wt% H2O. The CO2 content is estimated as the 
maximum value recorded in the MI glasses (Aster et al. 2016), which is 3142 ppm in 
these MIs. This compositional data is used to calculate a saturation pressure using the 
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solubility model discussed in Chapter 2, which yields a pressure of 3875 bar. The next 
step of the Aster et al. (2016) model is to calculate the liquidus of this magma 
composition using Rhyolite-MELTS (Gualda et al. 2012), and the value for this 
composition is 1166 °C. Crystallization of olivine in 35 °C increments below the liquidus 
temperature is then computed using Rhyolite-MELTS. Calculations of bubble volume 
fractions then proceed using the Rhyolite-MELTS results as detailed in Aster (2015). An 
example of the pre-eruptive bubble size is calculated in Table B.6 and the post-eruption 
bubble is examined in Table B.7.  
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Table B.1 Uncorrected Melt Inclusion Compositions for Raman-Analyzed and 
Rehomogenized Samples. Data is from electron microprobe analysis and oxides are 
normalized to 100 wt%. 
 
  
MI Typea SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 
H-01 PC RH 45.49 2.00 15.64 2.55 10.00 0.20 9.96 10.02 2.97 0.75 0.43 
H-02 PC RH 45.95 1.96 14.80 2.39 9.53 0.19 11.39 9.44 3.01 0.87 0.48 
H-03 PC RH 45.34 1.94 11.73 2.87 11.72 0.19 14.38 8.16 2.61 0.70 0.37 
H-04 PC RH 44.79 1.82 13.46 3.05 11.86 0.24 11.44 9.54 2.73 0.67 0.41 
H-05 PC RH 45.07 1.99 15.24 2.62 10.03 0.22 10.45 9.90 3.19 0.86 0.44 
H-06 PC RH 44.72 2.06 15.53 2.77 9.06 0.18 8.85 10.76 4.70 0.97 0.41 
H-07 PC RH 47.87 2.07 12.98 3.34 9.77 0.20 7.96 7.12 6.12 1.82 0.75 
H-08 PC RH 46.42 2.38 11.42 3.45 11.83 0.24 10.69 7.17 4.08 1.54 0.78 
H-09 PC RH 46.10 1.44 10.46 3.08 11.04 0.25 11.08 13.88 2.02 0.40 0.26 
H-10 GMF RH 46.71 1.75 14.30 2.35 9.70 0.21 12.54 8.70 2.88 0.85 0.02 
H-11 GMF RH 44.44 1.74 13.35 3.30 13.33 0.32 11.65 8.83 2.37 0.56 0.11 
H-12 GMF RH 47.35 1.81 12.87 2.45 10.33 0.19 13.19 8.59 2.49 0.71 0.02 
H-13 GMF RH 45.24 1.48 14.17 2.55 10.00 0.22 13.22 8.92 3.40 0.78 0.02 
H-14 GMF RH 47.19 1.71 12.82 2.18 10.94 0.26 15.67 7.99 1.04 0.21 0.00 
H-15 GMF RH 45.68 1.80 13.56 2.84 11.89 0.27 12.32 8.65 2.33 0.66 0.00 
H-16 GMF RH 44.80 1.39 13.04 2.74 10.53 0.20 14.72 7.95 3.64 0.98 0.02 
H-17 GMF RH 45.68 1.54 13.21 2.64 10.37 0.23 13.75 8.36 3.32 0.87 0.04 
H-18 GMF RH 47.36 1.95 12.63 2.16 9.00 0.17 13.97 9.61 2.62 0.54 0.00 
H-19 GMF RH 47.03 1.67 14.98 2.46 11.79 0.29 11.55 8.78 1.23 0.21 0.01 
H-20 GMF RH 44.94 1.84 15.53 2.86 13.27 0.25 10.90 8.91 1.29 0.24 0.00 
a-01 Raman 47.36 4.14 17.43 2.07 7.57 0.15 5.40 10.94 3.72 0.94 0.28 
a-02 Raman 47.91 2.28 17.96 2.22 8.05 0.16 5.11 11.10 3.69 0.98 0.55 
a-03 Raman 47.89 2.36 18.24 1.95 7.02 0.16 5.36 11.83 3.70 1.01 0.49 
a-04 Raman 48.56 2.54 16.93 2.10 7.12 0.14 4.67 12.45 3.78 1.15 0.55 
a-05 Raman 49.12 2.25 17.25 1.98 7.16 0.17 5.60 11.22 3.82 0.96 0.48 
a-06 Raman 48.15 2.28 17.77 2.00 7.30 0.15 5.80 11.47 3.60 1.01 0.48 
a-07 Raman 48.07 2.40 16.63 2.05 7.15 0.17 6.01 12.29 3.67 1.07 0.51 
a-08 Raman 48.36 2.24 17.20 2.01 7.20 0.12 6.07 11.54 3.74 1.03 0.51 
a-09 Raman 47.71 2.22 17.82 2.04 7.28 0.12 6.05 11.24 3.94 1.06 0.54 
a-10 Raman 48.14 2.40 17.79 2.04 7.14 0.13 4.91 12.10 3.77 1.02 0.57 
a-11 Raman 47.68 2.29 17.86 2.07 7.54 0.12 5.82 11.62 3.54 1.00 0.48 
a-12 Raman 47.70 2.34 17.79 2.15 7.70 0.20 5.65 10.95 3.90 1.06 0.56 
a-13 Raman 48.37 2.56 16.65 1.92 6.68 0.13 5.88 12.50 3.59 1.22 0.51 
a-14 Raman 48.43 2.47 18.35 2.07 7.24 0.15 3.93 11.96 3.81 1.08 0.51 
a-15 Raman 47.95 2.32 17.92 2.06 7.23 0.15 5.28 11.47 3.96 1.14 0.53 
a-16 Raman 47.85 2.28 17.03 2.06 7.31 0.15 6.36 11.67 3.76 1.04 0.51 
a-17 Raman 47.95 2.39 17.10 2.08 7.30 0.15 5.85 11.98 3.73 1.03 0.45 
a-18 Raman 47.98 2.28 18.30 2.04 7.43 0.15 5.40 11.29 3.74 0.97 0.44 
a-19 Raman 47.13 2.45 17.00 2.20 7.78 0.18 6.22 11.90 3.54 1.08 0.53 
a-20 Raman 48.31 2.38 17.60 2.12 7.47 0.13 4.77 12.02 3.67 1.01 0.52 
a Type indicates how the MI was studied; PC RH refers to rehomogenization in the piston cylinder apparatus, GMF RH refers 
to rehomogenization in the gas-mixing furnace, and Raman refers to unheated MIs analyzed by Raman spectroscopy 
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Table B.2 Calibration Data for Raman Shift Axis.  
 
  
Standard 
True Peak 
Value (cm-1) 
Session 1 
Measured Peak 
Value (cm-1) 
Session 2a 
Measured Peak 
Value (cm-1) 
Session 2b 
Measured Peak 
Value (cm-1)a 
Cyclohexane 1028.3 1035.2424 1035.1818 1035.2227 
Cyclohexane 1157.6 1165.2836 1165.2275 1165.2830 
Cyclohexane 1266.4 1273.2834 1273.2242 1273.2797 
Cyclohexane 1444.4 1450.4953 1450.3473 1450.4106 
Naphthalene 1021.6 1028.9127 1028.7280  
Naphthalene 1147.2 1153.9488   
Naphthalene 1382.2 1388.7622 1388.6513  
Naphthalene 1464.5 1470.6649 1470.6555  
Naphthalene 1576.6 1582.3030 1582.5967  
Bisb 1104.1 1110.9507 1110.7788  
Bis 1177.7 1185.0768 1184.8054  
Bis 1290.7 1297.4202 1297.2533  
Bis 1316.9 1324.2695 1324.0562  
Bis 1334.5 1341.2986 1341.2846  
Bis 1555.2 1561.3218 1561.1914  
Bis 1593.1 1598.8476 1598.7995  
Bis 1627.9 1633.5027 1633.4029  
a Cyclohexane was analyzed twice during session 2 and both sets of peaks were included in the calibration 
fit 
 
b “Bis” indicates compound 1,4 bis (2-methylstyryl) benzene 
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Table B.3 Raman Data from Capillary CO2 Standards. 
 
  
Capillary 
Density 
(g/cm3)a 
Peak 1, 
Session 1 
(cm-1)b 
Peak 2, 
Session 1 
(cm-1)b 
Peak 1, 
Session 2 
(cm-1)b 
Peak 2, 
Session 2 
(cm-1)b 
#2 0.1329 1285.6830 1388.8542 1284.5190 1387.4894 
#3 0.0794   1284.4757 1387.3127 
#12 0.0078 1286.4607 1389.3589 1285.3708 1388.0065 
#15 0.0680 1286.1440 1389.1723   
a Density as determined from physical measurements of capillary tubes 
 
b Peak positions determined from Gaussian-Lorentzian peak-fitting after application of second 
order polynomial correction of Raman shift axis 
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Table B.4 Raman Data for Melt Inclusions. 
 
  
MI Sessiona Peak 1 (cm-1)b Peak 2 (cm-1)b 
a-01 1 1285.2203 1388.5406 
a-02 2 1284.1176 1387.2042 
a-03 1 1284.8957 1388.3194 
a-04 2 1283.4117 1386.7406 
a-05 1 1285.5991 1388.7668 
a-06 1 1285.2015 1388.5105 
a-07 1 1285.0600 1388.4040 
a-08 1 1285.1514 1388.4916 
a-09 2 1283.8313 1387.0661 
a-10 2 1283.8780 1387.0432 
a-11 2 1283.7580 1386.9902 
a-12 2 1283.9498 1387.1249 
a-13 2 1283.4523 1386.8067 
a-14 2 1283.9658 1387.1290 
a-15 2 1283.9192 1387.0698 
a-16 2 1283.7149 1386.9705 
a-17 2 1283.6430 1386.8924 
a-18 2 1283.6429 1386.9131 
a-19 2 1284.1441 1387.2080 
a-20 2 1283.9461 1387.1045 
a Raman session during which the MI was analyzed 
 
b Peak positions determined from Gaussian-Lorentzian peak-
fitting after application of second order polynomial 
correction of Raman shift axis 
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Table B.5 Liquid Densities for Bubble Volume Model Calculations. Values of 
normalized oxide wt% are calculated using Rhyolite-MELTS (Gualda et al. 2012). 
Densities are calculated using volume coefficients from Lange and Carmichael (1990) 
and Ochs and Lange (1999). 
 
  
Tempe-
rature 
(°C) SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 H2O CO2 
Density 
at T 
(g/cm3) 
Density 
at 651 
°C 
(g/cm3) 
Density 
at 575 
°C 
(g/cm3) 
1166 46.35 2.06 16.07 2.32 8.72 0.14 7.55 10.37 3.26 0.91 0.43 1.51 0.31 2.642 2.772 2.792 
1131 46.54 2.11 16.51 2.38 8.49 0.13 6.58 10.64 3.35 0.94 0.44 1.55 0.32 2.632 2.752 2.772 
1096 46.74 2.17 16.95 2.45 8.18 0.13 5.71 10.91 3.44 0.96 0.46 1.59 0.33 2.629 2.740 2.760 
1061 46.96 2.22 17.37 2.51 7.77 0.12 4.93 11.17 3.52 0.98 0.47 1.63 0.33 2.625 2.727 2.747 
1026 47.20 2.28 17.79 2.57 7.26 0.12 4.25 11.43 3.61 1.01 0.48 1.67 0.34 2.620 2.713 2.733 
991 47.45 2.33 18.21 2.63 6.65 0.11 3.65 11.69 3.69 1.03 0.49 1.71 0.35 2.615 2.699 2.718 
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Table B.6 Calculation of Pre-Eruptive Bubble Volume.  
 
  
Temperature 
(°C) 
Liquid 
Massa (g) 
Olivine 
Massa (g) 
Olivine 
Densitya 
(g/cm3) 
Liquid + 
Olivine 
Vol.b (cm3) 
Molar Vol. 
of Olivinec 
(cm3/mol) 
Vol. of 
Cavityd 
(cm3) 
Bubble 
Vol%e 
1166 101.85 0.00 0.00 38.55 46.01 38.55 0.0000 
1131 99.14 2.72 3.31 38.49 45.95 38.49 0.0189 
1096 96.61 5.24 3.34 38.31 45.89 38.44 0.3279 
1061 94.25 7.60 3.37 38.16 45.82 38.39 0.5970 
1026 92.02 9.84 3.40 38.01 45.76 38.33 0.8461 
991 89.91 11.95 3.43 37.87 45.70 38.28 1.0849 
a Values from Rhyolite-MELTS (Gualda et al. 2012) 
 
b Calculated using the liquid density from Table B.5 
 
c Calculated using the average thermal expansion coefficient (α) between 1000 and 1200 °C of 41.32 x 10-6 °C-1 from 
Suzuki (1975) and the ambient (30 °C) volume (Vambient) of 43.95 cm3/mol from Kumazawa and Anderson (1969); Molar 
Vol. = Vambient +  (Vambient * α) * (T – 30 °C) 
 
d Volume of cavity accounts for thermal contraction of olivine; Vol. cavity = Liq. + Ol. Vol. @ 1166 °C * (Molar Vol. Ol. 
@ T/Molar Vol. Ol. @ 1166 °C) 
 
e Void space generated; Bubble Vol% = 100 * [Vol. Cavity – (Liq. + Ol. Vol.)]/Vol. Cavity 
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Table B.7 Calculation of Post-Eruption Bubble Volume. 
 
 
Eruptive 
Temperature 
(°C) 
Eruptive 
Melt Vol.a 
(cm3) 
Melt Vol. 
@ Tg 651 
°Cb (cm3) 
Molar Vol. 
of Olivine at 
Eruptionc 
(cm3/mol) 
Molar Vol. 
of Olivine 
at Tgd 
(cm3/mol) 
Vol. of 
Cavitye 
(cm3) 
Post-
eruption 
Bubble 
Vol%f 
Total 
Bubble 
Vol%g 
1166 37.847 36.076 46.01 45.02 37.027 2.570 2.570 
1131 37.992 36.337 45.95 45.02 37.220 2.373 2.392 
1096 38.035 36.497 45.89 45.02 37.314 2.191 2.519 
1061 38.094 36.672 45.82 45.02 37.423 2.008 2.605 
1026 38.161 36.856 45.76 45.02 37.542 1.827 2.673 
991 38.240 37.052 45.70 45.02 37.672 1.645 2.730 
a Volume of 100 g of melt; 100/ρeruptive temperature; density at the eruptive temperature from Table B.5 
 
b Volume of 100 g of melt; 100/ ρglass transition; density at glass transition temperature from Table B.5 
 
c Calculated using the average thermal expansion coefficient (α) between 1000 and 1200 °C of 41.32 x 10-6 °C-1 from Suzuki 
(1975) and the ambient (30 °C) volume (Vambient) of 43.95 cm3/mol from Kumazawa and Anderson (1969); Molar Vol. = 
Vambient +  (Vambient * α) * (T – 30 °C) 
 
d Calculated using the average thermal expansion coefficient (α) between 500 and 1200 °C of 39.06 x 10-6 °C-1 from Suzuki 
(1975) and the ambient (30 °C) volume (Vambient) of 43.95 cm3/mol from Kumazawa and Anderson (1969); Molar Vol. = 
Vambient +  (Vambient * α) * (T – 30 °C) 
 
e Volume of cavity accounts for thermal contraction of olivine; Vol. cavity = Eruptive Melt Vol. * (Molar Vol. Ol. @ 
Tg/Molar Vol. Ol. @ Eruption) 
 
f Void space generated; Bubble Vol% = 100 * (Vol. Cavity – Vol. @ Tg)/Vol. Cavity 
 
g Pre-eruptive + Post-eruption Vol% 
 201 
APPENDIX C 
SUPPLEMENTARY MATERIAL FOR SUNSET CRATER MELT INCLUSIONS 
  
 202 
 This appendix contains additional material relevant to the melt inclusions from 
Sunset Crater discussed in Chapter 4. Tables C.1-C.3 list the uncorrected melt inclusion 
compositions for samples from Phase 2, Phase 3, and Phase 4, respectively. Tables C.4-
C.6 contain the corrected melt inclusion compositions for the samples from Phase 2, 
Phase 3, and Phase 4, respectively. Tables C.7-C.9 include details of the FTIR analysis 
for the samples from Phase 2, Phase 3, and Phase 4, respectively.  
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Table C.1 Uncorrected Melt Inclusion Compositions for Phase 2 Samples. Normalized 
oxide wt% is from electron microprobe analysis. Also included are Forsterite contents of 
the host olivine, as measured by electron microprobe, near the melt inclusion as well as at 
the rim of the crystal.  
 
  
MI SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 
Fo % 
Near 
MI 
Fo % 
Rim 
101 47.72 2.35 17.30 2.04 7.34 0.14 5.99 12.06 3.49 1.04 0.53 0.01 83.88 82.90 
102 47.70 2.30 18.33 2.18 8.00 0.13 5.21 10.92 3.67 0.98 0.57 0.02 82.77 82.06 
103 47.45 2.30 17.94 2.14 7.79 0.17 5.91 11.00 3.77 0.99 0.54 0.01 82.52 82.60 
104 47.76 2.06 18.42 2.17 7.81 0.19 5.16 11.16 3.89 0.89 0.49 0.01 83.37 82.04 
105 48.11 2.43 18.99 2.01 7.00 0.15 3.93 11.61 4.07 1.12 0.59 0.00 83.51 81.93 
106 48.18 2.50 17.75 1.81 6.21 0.16 4.87 12.96 3.67 1.27 0.62 0.01 84.83 83.60 
107 47.60 2.17 18.01 1.96 7.40 0.13 6.54 11.30 3.39 1.02 0.49 0.01 83.73 81.24 
108 46.79 2.30 18.30 2.18 7.62 0.15 5.09 12.30 3.74 0.97 0.57 0.00 83.21 81.58 
110 48.36 2.06 19.61 1.95 6.88 0.15 3.53 11.81 4.07 0.96 0.59 0.03 82.77 81.11 
111 47.74 2.28 18.03 2.18 7.89 0.11 5.51 10.85 3.84 1.02 0.55 0.02 82.21 81.84 
112 47.70 2.35 18.09 1.93 6.86 0.17 5.67 11.68 3.86 1.14 0.54 0.02 83.96 81.49 
113 47.35 2.34 19.00 2.04 7.24 0.16 4.75 11.53 3.96 1.07 0.56 0.00 83.01 82.41 
114 47.00 2.24 18.52 2.11 7.77 0.16 6.00 10.89 3.80 0.97 0.55 0.00 82.66 81.32 
115 47.91 2.22 18.40 1.97 7.27 0.15 5.73 10.96 3.75 1.05 0.58 0.02 83.29 82.50 
116 47.73 2.33 18.24 2.02 7.11 0.17 4.84 12.25 3.68 1.09 0.52 0.02 83.95 81.97 
117 47.53 2.74 16.88 1.91 6.73 0.11 6.19 12.70 3.41 1.21 0.59 0.01 85.65 85.83 
118 48.29 2.22 17.24 2.09 7.50 0.14 5.77 11.67 3.63 0.95 0.49 0.01 83.89 81.64 
119 47.27 2.09 19.04 2.14 7.71 0.16 4.97 11.03 4.03 0.93 0.61 0.03 81.75 80.02 
120 47.79 2.18 18.17 2.01 7.34 0.13 5.70 11.48 3.68 0.97 0.55 0.00 83.62 81.52 
121 47.46 2.26 18.76 1.99 7.36 0.15 5.42 11.48 3.59 0.99 0.53 0.02 83.87 81.30 
122 48.16 2.30 17.71 2.03 7.26 0.15 5.53 11.43 3.81 1.04 0.56 0.02 83.75 82.11 
123 47.45 2.28 18.80 1.94 7.04 0.15 5.51 11.43 3.86 1.03 0.51 0.01 83.79 81.44 
124 47.81 2.30 18.66 1.98 7.24 0.15 5.22 11.33 3.74 1.02 0.54 0.02 83.17 82.15 
125 47.88 2.36 17.47 1.89 6.95 0.17 6.47 11.71 3.45 1.12 0.50 0.03 84.52 84.51 
126 47.99 2.31 18.07 2.05 7.27 0.14 5.01 11.82 3.84 0.97 0.51 0.03 83.68 83.90 
127 47.67 2.21 17.77 2.08 7.55 0.16 5.74 11.71 3.52 1.02 0.55 0.03 83.29 81.10 
128 48.42 2.55 17.94 1.87 6.66 0.15 5.69 10.48 4.04 1.50 0.67 0.04 85.17 82.33 
129 47.90 2.26 18.34 2.04 7.43 0.14 5.47 11.00 3.82 1.05 0.54 0.01 83.16 82.01 
130 47.54 2.06 19.10 2.10 8.01 0.16 5.64 10.30 3.68 0.94 0.48 0.00 81.76 81.91 
131 47.56 2.17 17.70 2.17 7.75 0.16 6.04 10.95 3.95 1.00 0.53 0.03 83.17 80.86 
132 46.55 2.32 18.65 2.22 7.77 0.14 5.21 11.47 4.00 1.06 0.59 0.03 82.86 81.31 
133 47.62 2.23 18.75 2.00 7.22 0.14 5.32 11.17 3.96 1.03 0.56 0.01 82.91 81.11 
134 47.72 2.32 18.25 1.85 6.41 0.15 5.19 12.63 3.94 1.01 0.53 0.01 84.91 82.85 
135 47.67 2.07 19.08 2.06 7.63 0.12 5.22 10.79 3.87 0.92 0.56 0.01 81.97 81.14 
136 47.41 2.26 17.97 2.10 7.62 0.18 5.88 11.26 3.75 1.01 0.55 0.03 82.89 81.34 
137 47.91 2.36 17.90 1.85 6.46 0.12 5.53 12.27 3.83 1.14 0.63 0.02 84.53 82.12 
138 47.93 1.97 18.94 2.03 7.28 0.14 4.73 11.54 3.96 0.89 0.58 0.02 82.59 80.24 
139 47.72 2.25 19.80 1.94 7.05 0.13 4.28 11.49 3.85 1.00 0.50 0.00 83.22 81.89 
140 47.64 2.33 18.37 2.01 7.10 0.15 5.11 11.78 3.90 1.05 0.55 0.02 83.82 81.26 
141 47.45 2.25 17.38 2.15 7.76 0.16 6.21 11.33 3.62 1.07 0.61 0.02 84.15 81.32 
142 47.58 2.21 18.34 1.98 7.28 0.19 5.75 11.55 3.55 1.03 0.50 0.05 84.04 81.76 
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Table C.2 Uncorrected Melt Inclusion Compositions for Phase 3 Samples. Normalized 
oxide wt% is from electron microprobe analysis. Also included are Forsterite contents of 
the host olivine, as measured by electron microprobe, near the melt inclusion as well as at 
the rim of the crystal.  
 
  
MI SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 
Fo % 
Near 
MI 
Fo % 
Rim 
01 47.71 2.26 18.93 2.04 7.26 0.15 4.51 11.64 3.85 1.07 0.58 0.01 83.09 83.24 
03 47.94 2.30 18.31 2.02 7.32 0.14 5.94 10.44 4.15 1.00 0.44 0.02 83.03 83.17 
04 47.55 2.22 18.12 2.11 7.56 0.14 5.69 11.21 3.85 1.05 0.50 0.02 82.98 82.55 
05 47.79 2.21 17.16 2.07 7.36 0.19 6.32 11.49 3.79 1.11 0.50 0.02 84.00 84.31 
06 48.04 2.21 18.33 2.02 7.31 0.15 5.54 10.91 3.94 1.05 0.47 0.04 83.23 83.49 
07 47.36 2.19 18.34 2.13 7.71 0.14 5.64 11.16 3.78 1.03 0.52 0.01 82.70 83.00 
08-1 47.45 2.24 17.85 2.25 8.12 0.17 5.87 10.57 3.87 1.08 0.52 0.02 82.46 82.87 
08-2 47.29 2.32 18.29 2.20 7.89 0.15 5.40 10.91 3.90 1.07 0.57 0.02 82.46 82.87 
09 47.43 2.17 18.62 2.04 7.45 0.13 5.62 11.15 3.79 1.04 0.55 0.02 82.73 83.03 
10-1 47.98 2.28 18.99 1.96 6.82 0.12 4.46 11.60 4.22 1.05 0.51 0.02 83.16 83.57 
10-2 48.10 2.45 19.22 1.94 6.54 0.13 3.55 12.17 4.32 1.07 0.49 0.03 83.16 83.57 
11 47.60 2.18 18.26 2.03 7.43 0.13 5.90 11.19 3.69 1.08 0.50 0.02 83.23 83.21 
12 47.86 2.44 16.93 1.95 6.95 0.11 6.48 12.09 3.54 1.12 0.51 0.03 84.45 84.29 
13 47.65 2.27 18.40 2.01 7.24 0.14 5.31 11.76 3.61 1.13 0.49 0.01 83.12 83.32 
14 47.97 2.14 18.12 2.13 7.66 0.17 5.73 10.46 4.14 0.99 0.50 0.01 83.29 83.62 
15 47.04 2.27 18.39 2.06 7.14 0.15 5.34 11.95 3.98 1.13 0.53 0.03 83.91 81.89 
16 47.42 2.18 17.95 2.11 7.38 0.13 5.55 11.78 3.88 1.10 0.53 0.01 83.47 83.66 
17 48.24 2.30 18.76 1.97 6.94 0.15 4.31 11.80 3.90 1.08 0.53 0.04 83.54 83.11 
19 47.74 2.14 18.50 2.08 7.52 0.16 5.67 10.65 4.02 1.06 0.47 0.00 82.33 81.64 
20 47.62 2.34 18.71 2.01 7.07 0.14 5.05 11.33 4.20 1.03 0.49 0.01 83.87 84.20 
21 47.94 2.24 18.66 1.93 7.06 0.14 5.62 10.98 3.91 1.06 0.44 0.03 83.59 82.28 
23 47.30 2.21 18.67 2.08 7.33 0.12 4.97 11.94 3.82 1.04 0.52 0.01 83.13 83.36 
24 47.40 2.28 18.13 2.13 7.78 0.10 5.85 11.08 3.71 1.01 0.51 0.03 82.79 82.03 
25 47.71 2.28 18.52 2.03 7.15 0.12 5.47 11.00 4.25 1.05 0.42 0.01 84.00 81.26 
26 47.40 2.17 17.65 2.13 7.67 0.15 6.14 11.51 3.70 0.98 0.48 0.03 83.35 82.38 
27 47.80 2.28 18.06 2.00 6.89 0.15 5.27 11.81 4.08 1.15 0.52 0.01 83.89 82.82 
28 48.32 2.19 18.07 2.01 7.28 0.14 5.80 10.70 4.09 0.96 0.42 0.03 83.79 83.86 
29 47.29 2.12 17.70 2.11 7.59 0.13 6.20 11.59 3.61 1.08 0.57 0.02 83.59 83.69 
30-1 47.58 2.18 17.80 2.05 7.57 0.15 6.40 11.09 3.64 1.00 0.53 0.01 83.06 81.97 
30-2 47.52 2.19 18.00 2.06 7.56 0.16 6.19 11.10 3.68 1.01 0.53 0.02 83.06 81.97 
31 47.83 2.33 18.39 2.10 7.30 0.15 4.71 11.45 4.04 1.13 0.55 0.03 83.40 83.65 
34 48.16 2.35 19.65 1.91 6.76 0.16 3.54 11.86 3.94 1.09 0.56 0.02 83.10 83.40 
36-1 47.81 2.14 17.62 2.10 7.58 0.15 6.12 11.16 3.85 0.99 0.47 0.02 83.53 83.66 
36-2 48.03 2.22 18.00 2.08 7.37 0.16 5.17 11.47 3.92 1.02 0.55 0.02 83.53 83.66 
37 47.98 2.20 17.38 2.08 7.45 0.15 5.64 12.04 3.51 1.03 0.53 0.02 83.93 81.41 
38 48.31 2.17 17.63 1.93 6.80 0.12 5.53 12.14 3.83 1.00 0.54 0.02 84.47 81.95 
39 47.80 2.32 18.62 1.99 7.15 0.13 5.05 11.56 3.79 1.08 0.50 0.02 83.55 83.37 
40 47.75 2.23 17.52 1.96 6.76 0.14 5.58 12.53 3.89 1.07 0.55 0.02 84.90 82.95 
41 47.93 2.04 18.97 2.05 7.39 0.13 4.99 10.89 4.09 0.99 0.53 0.00 81.92 81.26 
42 47.76 2.21 18.55 2.02 7.24 0.16 5.12 11.50 3.83 1.06 0.54 0.02 83.21 83.30 
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Table C.3 Uncorrected Melt Inclusion Compositions for Phase 4 Samples. Normalized 
oxide wt% is from electron microprobe analysis. Also included are Forsterite contents of 
the host olivine, as measured by electron microprobe, near the melt inclusion as well as at 
the rim of the crystal.  
 
  
MI SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 
Fo % 
Near 
MI 
Fo % 
Rim 
51 47.90 2.44 16.75 2.07 7.40 0.15 6.19 12.05 3.46 1.08 0.48 0.03 84.13 81.34 
52 47.96 2.42 18.42 1.97 6.94 0.14 4.76 11.83 3.89 1.10 0.56 0.02 83.61 82.45 
53 47.84 2.27 17.92 2.06 7.49 0.16 5.94 10.93 3.88 0.99 0.52 0.02 83.45 82.04 
54 48.40 2.28 19.10 1.98 7.09 0.13 3.95 11.61 3.84 1.04 0.57 0.01 82.81 82.34 
55 48.32 2.18 18.02 2.06 7.50 0.12 5.62 10.80 3.90 0.99 0.48 0.02 83.17 82.94 
56 48.08 2.20 17.63 1.97 7.17 0.14 5.97 11.87 3.52 0.99 0.44 0.03 84.08 81.91 
57 47.90 2.33 17.16 1.96 6.92 0.16 6.10 12.18 3.63 1.14 0.53 0.01 84.64 83.57 
58 48.08 2.40 16.94 1.96 6.99 0.16 6.16 12.09 3.51 1.14 0.57 0.02 84.49 82.06 
59 47.68 2.16 17.77 2.14 7.96 0.14 6.46 10.63 3.65 0.97 0.44 0.01 82.70 82.77 
60-1 47.60 2.15 17.94 2.09 7.70 0.18 6.20 10.92 3.69 1.03 0.48 0.03 82.92 82.99 
60-2 47.68 2.14 18.21 2.07 7.68 0.19 5.79 11.22 3.56 0.97 0.48 0.02 82.92 82.99 
61 48.46 2.21 18.11 1.92 7.05 0.14 5.79 11.02 3.84 1.00 0.45 0.02 83.87 81.58 
62 47.80 2.69 16.45 1.85 6.50 0.14 6.53 12.89 3.43 1.18 0.54 0.02 86.08 81.75 
63 47.98 2.18 17.91 2.02 7.34 0.15 5.66 11.62 3.65 0.97 0.51 0.02 83.42 83.50 
64 48.11 2.23 18.29 1.96 7.30 0.13 5.67 11.23 3.58 1.00 0.48 0.03 83.31 82.10 
65 47.91 2.14 17.74 2.09 7.72 0.18 5.98 11.20 3.57 0.97 0.50 0.02 83.29 82.42 
66 48.08 2.14 17.41 2.00 7.29 0.18 6.33 11.39 3.63 1.03 0.51 0.01 83.71 81.53 
67 48.46 2.27 17.65 1.89 6.66 0.14 5.28 12.34 3.65 1.12 0.53 0.03 84.82 81.90 
68 48.04 2.34 18.16 2.10 7.34 0.16 4.64 11.82 3.92 0.98 0.50 0.01 83.86 81.70 
69 48.22 2.03 17.68 2.07 7.66 0.14 6.52 10.37 3.90 0.96 0.45 0.02 83.22 83.40 
70 48.18 2.13 18.01 1.98 7.17 0.10 5.65 11.46 3.75 1.03 0.53 0.02 83.80 81.15 
71 48.45 2.23 18.00 1.96 7.10 0.15 5.52 11.27 3.86 0.98 0.46 0.02 83.92 82.43 
72 47.55 2.34 18.37 2.01 7.10 0.16 4.96 12.22 3.78 0.95 0.53 0.03 83.85 82.73 
74 47.82 2.42 16.63 2.00 7.01 0.13 6.41 12.25 3.59 1.18 0.54 0.03 85.14 81.44 
75 48.15 2.37 17.35 1.96 7.05 0.16 5.88 11.86 3.52 1.15 0.56 0.01 83.96 83.10 
76 48.44 2.25 18.46 2.00 7.00 0.12 4.79 11.17 4.31 0.96 0.49 0.01 83.54 83.70 
77 47.38 2.25 18.27 2.12 7.50 0.16 5.00 11.95 3.69 1.07 0.60 0.02 83.67 82.49 
78 47.65 2.23 18.43 2.05 7.52 0.11 5.58 11.13 3.67 1.05 0.58 0.02 83.32 83.27 
79 48.48 2.16 18.15 2.01 7.26 0.14 5.43 10.78 4.05 1.01 0.50 0.03 83.77 81.66 
80 47.50 2.40 17.74 2.18 7.75 0.19 5.45 11.49 3.77 1.04 0.47 0.02 83.31 81.98 
81 47.33 2.29 18.22 1.99 7.25 0.14 5.86 11.82 3.53 1.04 0.52 0.02 83.66 83.91 
82 48.23 2.25 18.09 2.07 7.34 0.17 4.99 11.39 3.91 1.05 0.48 0.04 83.15 81.40 
83 48.09 2.12 18.21 2.15 7.58 0.17 4.42 12.13 3.71 0.93 0.46 0.03 83.09 82.95 
84 48.38 2.23 18.72 1.92 6.88 0.15 4.69 11.58 3.89 1.05 0.50 0.02 83.86 81.86 
85 47.06 2.37 17.62 2.12 7.63 0.17 6.13 11.78 3.53 1.05 0.53 0.01 83.68 82.18 
86 48.36 2.13 17.73 2.03 7.50 0.18 6.27 10.51 3.87 0.99 0.42 0.02 83.03 82.66 
87 48.57 2.03 18.17 1.89 6.67 0.12 4.83 12.45 3.78 0.92 0.57 0.02 84.48 82.27 
88 47.67 2.32 17.11 2.02 7.20 0.18 5.97 12.41 3.37 1.14 0.58 0.03 84.70 83.99 
91 47.83 2.19 17.02 1.99 7.14 0.13 6.55 11.90 3.53 1.12 0.59 0.02 84.49 84.66 
92 48.42 2.14 17.91 1.89 7.16 0.12 6.39 11.04 3.45 1.00 0.47 0.02 83.62 81.76 
93 48.11 2.21 17.97 1.93 7.12 0.13 5.74 11.65 3.51 1.00 0.61 0.03 83.94 81.19 
94 48.14 2.05 18.11 2.01 7.56 0.19 5.93 11.20 3.50 0.88 0.44 0.00 83.71 83.73 
95 48.06 2.33 16.95 1.89 6.75 0.12 6.40 12.36 3.51 1.10 0.51 0.02 85.10 81.45 
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Table C.4 Corrected Melt Inclusion Compositions for Phase 2 Samples. Normalized 
oxide wt% is from electron microprobe analysis. Also included is the percent olivine 
subtracted to correct for post-entrapment crystallization.  
 
  
MI SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 
% 
Olivine 
101 46.87 2.17 16.03 2.40 8.84 0.13 7.68 11.18 3.24 0.96 0.49 0.01 7.10 
102 47.07 2.15 17.21 2.35 8.89 0.12 7.05 10.25 3.45 0.92 0.53 0.02 6.17 
103 46.89 2.19 17.10 2.40 8.85 0.16 6.87 10.48 3.60 0.94 0.51 0.01 4.38 
104 47.01 1.90 17.07 2.37 8.87 0.18 7.38 10.34 3.61 0.82 0.45 0.01 7.50 
105 46.86 2.14 16.79 2.39 8.86 0.13 7.45 10.26 3.60 0.99 0.52 0.00 12.24 
106 46.63 2.17 15.40 2.42 8.83 0.14 8.33 11.25 3.19 1.10 0.54 0.01 13.80 
107 46.83 2.03 16.91 2.34 8.90 0.12 7.64 10.61 3.19 0.96 0.46 0.01 5.66 
108 46.06 2.12 16.93 2.43 8.82 0.14 7.24 11.38 3.46 0.90 0.53 0.00 7.58 
110 47.04 1.82 17.33 2.38 8.86 0.13 7.02 10.43 3.60 0.85 0.52 0.03 12.30 
111 47.15 2.16 17.12 2.41 8.87 0.10 6.72 10.30 3.65 0.97 0.52 0.02 4.83 
112 46.62 2.13 16.45 2.41 8.83 0.15 7.72 10.62 3.51 1.04 0.49 0.02 8.91 
113 46.41 2.13 17.32 2.40 8.85 0.15 7.14 10.51 3.61 0.97 0.51 0.00 8.92 
114 46.44 2.13 17.64 2.38 8.86 0.15 6.96 10.37 3.62 0.92 0.52 0.00 4.43 
115 47.01 2.05 17.06 2.36 8.88 0.14 7.34 10.16 3.48 0.97 0.54 0.02 7.07 
116 46.63 2.09 16.38 2.40 8.86 0.15 7.74 10.99 3.31 0.98 0.47 0.02 10.54 
117 46.31 2.43 15.00 2.40 8.85 0.10 9.01 11.28 3.03 1.07 0.52 0.01 11.39 
118 47.42 2.05 15.95 2.39 8.86 0.13 7.70 10.80 3.36 0.88 0.45 0.01 7.42 
119 46.62 1.96 17.91 2.40 8.85 0.15 6.46 10.37 3.79 0.87 0.57 0.03 5.77 
120 46.90 2.01 16.78 2.37 8.87 0.12 7.54 10.60 3.40 0.89 0.51 0.00 7.51 
121 46.53 2.06 17.13 2.33 8.91 0.14 7.74 10.48 3.28 0.90 0.48 0.02 8.74 
122 47.19 2.11 16.25 2.40 8.85 0.14 7.61 10.48 3.50 0.95 0.51 0.02 8.20 
123 46.44 2.07 17.13 2.37 8.87 0.14 7.65 10.41 3.52 0.94 0.46 0.01 8.83 
124 46.85 2.11 17.12 2.36 8.88 0.14 7.28 10.39 3.43 0.93 0.49 0.02 8.20 
125 46.85 2.16 16.02 2.36 8.88 0.16 8.15 10.74 3.17 1.03 0.46 0.03 7.98 
126 46.97 2.09 16.41 2.40 8.85 0.13 7.56 10.73 3.49 0.88 0.46 0.03 9.36 
127 46.89 2.06 16.57 2.39 8.89 0.15 7.36 10.92 3.29 0.95 0.51 0.03 6.57 
128 47.06 2.25 15.88 2.38 8.87 0.13 8.62 9.28 3.58 1.33 0.59 0.04 11.76 
129 47.04 2.09 17.01 2.38 8.88 0.13 7.26 10.20 3.54 0.97 0.50 0.01 7.16 
130 47.04 1.97 18.31 2.32 8.92 0.15 6.53 9.87 3.53 0.90 0.46 0.00 3.90 
131 46.95 2.05 16.77 2.42 8.84 0.15 7.23 10.37 3.74 0.95 0.50 0.03 5.03 
132 45.94 2.17 17.45 2.44 8.81 0.13 7.02 10.74 3.74 0.99 0.55 0.03 6.41 
133 46.70 2.05 17.29 2.40 8.88 0.13 7.12 10.30 3.65 0.95 0.52 0.01 7.60 
134 46.33 2.03 15.99 2.41 8.84 0.13 8.40 11.06 3.46 0.88 0.46 0.01 12.81 
135 46.96 1.94 17.94 2.36 8.89 0.11 6.62 10.14 3.64 0.86 0.53 0.01 5.80 
136 46.75 2.13 16.97 2.40 8.84 0.17 7.07 10.63 3.54 0.95 0.52 0.03 5.26 
137 46.59 2.10 15.93 2.42 8.83 0.11 8.11 10.92 3.41 1.01 0.56 0.02 11.06 
138 46.97 1.80 17.36 2.39 8.86 0.13 6.92 10.57 3.63 0.81 0.53 0.02 8.36 
139 46.57 2.01 17.70 2.33 8.90 0.12 7.32 10.27 3.44 0.89 0.45 0.00 11.01 
140 46.59 2.10 16.63 2.40 8.85 0.14 7.64 10.66 3.53 0.95 0.50 0.02 9.63 
141 46.77 2.10 16.28 2.39 8.85 0.15 7.87 10.61 3.39 1.00 0.57 0.02 6.24 
142 46.64 2.02 16.81 2.34 8.89 0.17 7.84 10.58 3.26 0.94 0.46 0.05 8.31 
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Table C.5 Corrected Melt Inclusion Compositions for Phase 3 Samples. Normalized 
oxide wt% is from electron microprobe analysis. Also included is the percent olivine 
subtracted to correct for post-entrapment crystallization.  
 
  
MI SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 
% 
Olivine 
01 46.70 2.04 17.15 2.38 8.86 0.14 7.21 10.54 3.49 0.97 0.52 0.01 9.67 
03 47.13 2.15 17.15 2.40 8.85 0.13 7.15 9.78 3.89 0.94 0.41 0.02 5.91 
04 46.83 2.08 17.00 2.41 8.84 0.13 7.12 10.51 3.61 0.98 0.47 0.02 5.95 
05 46.98 2.06 16.02 2.43 8.82 0.18 7.73 10.72 3.54 1.03 0.47 0.02 6.35 
06 47.14 2.04 16.97 2.38 8.86 0.14 7.29 10.10 3.65 0.97 0.43 0.04 7.26 
07 46.72 2.06 17.30 2.40 8.86 0.13 6.98 10.52 3.57 0.97 0.49 0.01 5.45 
08-1 47.02 2.15 17.16 2.41 8.84 0.16 6.83 10.16 3.72 1.04 0.50 0.02 3.71 
08-2 46.70 2.19 17.28 2.42 8.87 0.14 6.85 10.31 3.69 1.01 0.54 0.02 5.40 
09 46.67 2.03 17.44 2.38 8.86 0.12 7.00 10.44 3.55 0.97 0.51 0.02 6.09 
10-1 46.78 2.04 17.02 2.42 8.83 0.11 7.21 10.40 3.78 0.94 0.46 0.02 10.59 
10-2 46.68 2.14 16.79 2.45 8.82 0.11 7.21 10.64 3.78 0.93 0.43 0.03 13.32 
11 46.82 2.04 17.07 2.38 8.87 0.12 7.30 10.46 3.45 1.01 0.47 0.02 6.21 
12 46.86 2.24 15.58 2.42 8.83 0.10 8.06 11.13 3.26 1.03 0.47 0.03 7.62 
13 46.73 2.09 16.94 2.39 8.86 0.13 7.23 10.82 3.33 1.04 0.45 0.01 7.82 
14 47.24 2.00 16.98 2.40 8.84 0.16 7.31 9.80 3.88 0.93 0.47 0.01 6.16 
15 46.10 2.06 16.75 2.44 8.81 0.14 7.66 10.88 3.63 1.03 0.48 0.03 8.96 
16 46.59 2.01 16.62 2.44 8.82 0.12 7.39 10.90 3.59 1.02 0.49 0.01 7.32 
17 46.99 2.04 16.68 2.38 8.87 0.13 7.48 10.49 3.47 0.96 0.47 0.04 11.53 
19 47.04 2.02 17.48 2.41 8.84 0.15 6.76 10.06 3.80 1.00 0.44 0.00 5.17 
20 46.56 2.11 16.90 2.41 8.84 0.13 7.66 10.23 3.79 0.93 0.44 0.01 9.88 
21 46.92 2.05 17.09 2.37 8.88 0.13 7.53 10.06 3.58 0.97 0.40 0.03 8.23 
23 46.41 2.02 17.11 2.41 8.84 0.11 7.21 10.94 3.50 0.95 0.48 0.01 8.38 
24 46.79 2.16 17.18 2.39 8.87 0.10 7.04 10.49 3.52 0.96 0.48 0.03 5.01 
25 46.71 2.07 16.88 2.41 8.84 0.11 7.74 10.02 3.87 0.96 0.38 0.01 8.91 
26 46.76 2.05 16.69 2.41 8.84 0.14 7.34 10.88 3.50 0.92 0.45 0.03 5.20 
27 46.70 2.06 16.33 2.45 8.80 0.14 7.64 10.68 3.69 1.04 0.47 0.01 9.57 
28 47.37 2.02 16.67 2.38 8.86 0.13 7.63 9.87 3.78 0.88 0.39 0.03 7.60 
29 46.61 1.99 16.66 2.41 8.84 0.12 7.49 10.92 3.40 1.01 0.54 0.02 5.59 
30-1 46.95 2.07 16.94 2.38 8.86 0.14 7.19 10.55 3.47 0.95 0.50 0.01 4.40 
30-2 46.85 2.07 17.03 2.38 8.87 0.15 7.20 10.50 3.48 0.95 0.50 0.02 4.99 
31 46.84 2.11 16.70 2.42 8.83 0.14 7.36 10.39 3.67 1.02 0.50 0.03 9.44 
34 46.79 2.06 17.23 2.37 8.88 0.14 7.23 10.40 3.46 0.95 0.49 0.02 13.09 
36-1 47.09 2.01 16.56 2.41 8.84 0.14 7.45 10.50 3.62 0.93 0.44 0.02 5.73 
36-2 47.07 2.03 16.47 2.41 8.87 0.15 7.48 10.49 3.59 0.93 0.50 0.02 8.59 
37 47.09 2.02 16.01 2.39 8.85 0.14 7.72 11.09 3.24 0.95 0.49 0.02 7.88 
38 47.08 1.94 15.82 2.41 8.84 0.11 8.07 10.89 3.44 0.90 0.48 0.02 10.32 
39 46.76 2.10 16.91 2.38 8.87 0.12 7.49 10.49 3.44 0.98 0.45 0.02 9.31 
40 46.54 1.99 15.63 2.44 8.81 0.13 8.36 11.18 3.47 0.95 0.49 0.02 11.02 
41 47.09 1.90 17.66 2.41 8.89 0.12 6.58 10.14 3.81 0.92 0.49 0.00 6.70 
42 46.80 2.02 16.99 2.39 8.86 0.15 7.28 10.53 3.51 0.97 0.49 0.02 8.41 
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Table C.6 Corrected Melt Inclusion Compositions for Phase 4 Samples. Normalized 
oxide wt% is from electron microprobe analysis. Also included is the percent olivine 
subtracted to correct for post-entrapment crystallization.  
 
  
MI SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 
% 
Olivine 
51 47.06 2.26 15.56 2.41 8.84 0.14 7.84 11.20 3.22 1.00 0.45 0.03 6.91 
52 46.80 2.17 16.54 2.40 8.85 0.13 7.51 10.62 3.49 0.99 0.50 0.02 10.46 
53 47.06 2.12 16.75 2.39 8.86 0.15 7.42 10.22 3.63 0.92 0.49 0.02 6.29 
54 47.20 2.04 17.08 2.36 8.88 0.12 7.06 10.38 3.44 0.93 0.51 0.01 11.02 
55 47.49 2.03 16.79 2.38 8.87 0.11 7.26 10.06 3.64 0.92 0.45 0.02 6.65 
56 47.09 2.02 16.19 2.37 8.88 0.13 7.85 10.90 3.24 0.91 0.40 0.03 7.98 
57 46.81 2.11 15.60 2.42 8.83 0.15 8.19 11.07 3.30 1.03 0.48 0.01 8.97 
58 47.02 2.19 15.48 2.40 8.84 0.15 8.09 11.04 3.21 1.04 0.52 0.02 8.44 
59 47.23 2.08 17.17 2.37 8.87 0.14 6.99 10.27 3.53 0.94 0.42 0.01 3.06 
60-1 46.98 2.04 17.05 2.39 8.89 0.17 7.13 10.38 3.51 0.98 0.46 0.03 4.59 
60-2 46.99 2.01 17.15 2.36 8.89 0.18 7.13 10.56 3.35 0.91 0.45 0.02 5.62 
61 47.39 2.02 16.57 2.36 8.89 0.13 7.72 10.08 3.52 0.91 0.41 0.02 8.34 
62 46.45 2.37 14.51 2.40 8.84 0.12 9.37 11.37 3.03 1.04 0.48 0.02 12.01 
63 47.09 2.01 16.58 2.38 8.87 0.14 7.41 10.76 3.38 0.90 0.47 0.02 7.24 
64 47.19 2.06 16.92 2.34 8.90 0.12 7.38 10.39 3.31 0.92 0.44 0.03 7.29 
65 47.22 2.01 16.71 2.36 8.88 0.17 7.34 10.55 3.37 0.91 0.47 0.02 5.59 
66 47.24 2.00 16.28 2.39 8.85 0.17 7.58 10.65 3.40 0.96 0.48 0.01 6.11 
67 47.08 2.00 15.59 2.39 8.86 0.12 8.35 10.90 3.23 0.99 0.47 0.03 12.01 
68 46.98 2.10 16.34 2.40 8.86 0.14 7.68 10.64 3.53 0.88 0.45 0.01 10.45 
69 47.58 1.93 16.86 2.38 8.87 0.13 7.29 9.89 3.72 0.91 0.43 0.02 4.22 
70 47.16 1.95 16.49 2.38 8.89 0.09 7.67 10.49 3.44 0.94 0.48 0.02 8.34 
71 47.36 2.03 16.39 2.37 8.88 0.14 7.74 10.26 3.52 0.89 0.42 0.02 8.93 
72 46.49 2.11 16.56 2.39 8.86 0.14 7.67 11.02 3.41 0.85 0.48 0.03 10.09 
74 46.77 2.20 15.12 2.43 8.82 0.12 8.56 11.14 3.27 1.07 0.49 0.03 8.99 
75 47.12 2.17 15.90 2.39 8.85 0.15 7.74 10.87 3.23 1.05 0.51 0.01 8.11 
76 47.28 2.02 16.64 2.41 8.83 0.11 7.44 10.07 3.89 0.86 0.44 0.01 10.05 
77 46.49 2.05 16.67 2.40 8.87 0.15 7.58 10.90 3.37 0.97 0.55 0.02 9.00 
78 46.85 2.07 17.11 2.36 8.89 0.10 7.37 10.33 3.41 0.97 0.54 0.02 7.04 
79 47.46 1.97 16.60 2.38 8.87 0.13 7.63 9.86 3.71 0.92 0.46 0.03 8.56 
80 46.80 2.24 16.56 2.41 8.83 0.18 7.31 10.73 3.52 0.97 0.44 0.02 6.64 
81 46.46 2.11 16.85 2.37 8.87 0.13 7.57 10.92 3.27 0.96 0.48 0.02 7.34 
82 47.27 2.06 16.59 2.40 8.84 0.16 7.22 10.44 3.59 0.96 0.44 0.04 8.34 
83 47.16 1.93 16.59 2.39 8.85 0.16 7.20 11.06 3.38 0.85 0.42 0.03 9.22 
84 47.10 1.98 16.67 2.36 8.88 0.13 7.70 10.31 3.47 0.93 0.44 0.02 11.31 
85 46.39 2.23 16.55 2.40 8.85 0.16 7.56 11.07 3.32 0.98 0.50 0.01 5.87 
86 47.63 2.01 16.80 2.38 8.86 0.17 7.17 9.95 3.67 0.94 0.40 0.02 4.83 
87 47.15 1.78 15.99 2.38 8.87 0.11 8.12 10.95 3.33 0.81 0.50 0.02 12.49 
88 46.68 2.11 15.58 2.40 8.86 0.16 8.26 11.30 3.07 1.04 0.53 0.03 8.99 
91 46.91 2.02 15.75 2.40 8.84 0.12 8.09 11.00 3.27 1.03 0.55 0.02 7.17 
92 47.49 1.99 16.69 2.32 8.92 0.11 7.59 10.29 3.22 0.93 0.44 0.02 6.35 
93 47.08 2.02 16.42 2.35 8.90 0.12 7.77 10.65 3.21 0.91 0.56 0.03 8.49 
94 47.31 1.90 16.83 2.32 8.92 0.18 7.65 10.41 3.26 0.82 0.41 0.00 6.87 
95 46.88 2.10 15.31 2.40 8.84 0.11 8.55 11.16 3.17 0.99 0.46 0.02 9.55 
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Table C.7 FTIR Data for Phase 2 Melt Inclusions. The H2O and CO2 contents calculated 
from this data are listed in Table 4.1. 
 
  
MI 
Thickness 
(cm) 
Density 
(g/L) A4500 A3500 A~1510 
 훆퐂퐎ퟐ 
(L/mol-cm) 
K2O 
ratioa 
101 0.00190 2733  0.286 0.126 329 1.079 
102 0.00841 2730 0.0117 1.174 0.511 317 1.065 
103 0.00370 2735 0.0042 0.531 0.221 315 1.049 
105 0.00345 2700 0.0040 0.501 0.183 313 1.132 
107 0.00260 2734  0.367 0.156 326 1.065 
108 0.00368 2765  0.250 0.178 325 1.082 
110 0.00317 2699  0.393 0.156 315 1.131 
111 0.00566 2731 0.0072 0.782 0.296 313 1.053 
112 0.00522 2724  0.673 0.298 318 1.100 
115 0.00232 2720  0.318 0.135 316 1.079 
117 0.00314 2735  0.434 0.217 335 1.126 
118 0.00874 2728 0.0117 1.270 0.573 323 1.081 
119 0.00381 2743  0.324 0.122 310 1.063 
120 0.00195 2729  0.257 0.110 321 1.083 
121 0.00168 2734  0.187 0.087 323 1.095 
122 0.00215 2724  0.282 0.107 318 1.090 
123 0.00139 2731  0.147 0.070 317 1.098 
124 0.00196 2727  0.216 0.083 318 1.090 
125 0.00519 2746 0.0048 0.437 0.169 328 1.091 
126 0.00328 2729  0.378 0.145 320 1.101 
127 0.00560 2742  0.649 0.259 326 1.073 
129 0.00441 2719 0.0047 0.638 0.241 314 1.079 
130 0.00501 2738 0.0053 0.533 0.123 312 1.043 
131 0.00357 2739  0.470 0.199 311 1.056 
132 0.00384 2762  0.278 0.181 314 1.069 
134 0.00206 2742  0.117 0.100 323 1.142 
135 0.00330 2730 0.0033 0.362 0.084 311 1.064 
136 0.00226 2736  0.311 0.143 318 1.059 
137 0.00169 2715  0.238 0.098 323 1.123 
140 0.00261 2731  0.281 0.126 318 1.105 
a Ratio of uncorrected to corrected K2O values (wt%) used to adjust total volatile contents 
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Table C.8 FTIR Data for Phase 3 Melt Inclusions. The H2O and CO2 contents calculated 
from this data are listed in Table 4.2. 
 
  
MI 
Thickness 
(cm) 
Density 
(g/L) A4500 A3500 A~1510 
 훆퐂퐎ퟐ 
(L/mol-cm) 
K2O 
ratioa 
04 0.00374 2734  0.492 0.167 320 1.066 
05 0.00524 2740 0.0070 0.652 0.126 323 1.072 
08 0.00390 2750 0.0040 0.410 0.167 315 1.041 
09 0.00300 2731  0.384 0.126 321 1.068 
11 0.00415 2738 0.0050 0.465 0.208 323 1.069 
13 0.00330 2729  0.410 0.185 329 1.087 
14 0.00694 2718 0.0100 0.988 0.152 309 1.067 
15 0.00359 2749  0.290 0.164 323 1.098 
16 0.00197 2752  0.162 0.091 324 1.081 
17 0.00276 2707  0.362 0.166 323 1.124 
25 0.00463 2735 0.0048 0.404 0.000 310 1.097 
27 0.00431 2730 0.0043 0.453 0.188 320 1.106 
28 0.00659 2737 0.0057 0.524 0.160 313 1.084 
29 0.00218 2756  0.220 0.055 326 1.063 
31 0.00273 2724  0.388 0.158 320 1.102 
37 0.00191 2734  0.263 0.093 333 1.086 
39 0.00400 2715 0.0058 0.578 0.268 324 1.102 
a Ratio of uncorrected to corrected K2O values (wt%) used to adjust total volatile contents 
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Table C.9 FTIR Data for Phase 4 Melt Inclusions. The H2O and CO2 contents calculated 
from this data are listed in Table 4.3. 
 
MI 
Thickness 
(cm) 
Density 
(g/L) A4500 A3500 A~1510 
 훆퐂퐎ퟐ 
(L/mol-cm) 
K2O 
ratioa 
52 0.00585 2715 0.0070 0.764 0.318 319 1.115 
53 0.00175 2741  0.171 0.063 312 1.069 
54 0.00339 2717  0.286 0.105 318 1.119 
55-1 0.00266 2719  0.377 0.141 311 1.074 
55-2 0.00248 2719  0.351 0.132 311 1.074 
56 0.00493 2730 0.0057 0.648 0.216 327 1.088 
57 0.00273 2753  0.188 0.130 327 1.101 
58 0.00440 2740 0.0040 0.469 0.219 329 1.094 
59 0.00434 2740  0.600 0.208 315 1.035 
60-1 0.00203 2744  0.228 0.049 317 1.052 
60-2 0.00184 2742  0.200 0.089 322 1.063 
61 0.00552 2712 0.0067 0.784 0.309 314 1.093 
63 0.00491 2732 0.0059 0.605 0.261 323 1.080 
65 0.00796 2736 0.0100 1.051 0.453 321 1.061 
66 0.00359 2733 0.0049 0.474 0.158 321 1.070 
67 0.00306 2718  0.377 0.157 327 1.132 
69 0.00207 2728  0.294 0.047 308 1.048 
70 0.00368 2734  0.351 0.132 319 1.092 
71 0.00165 2716  0.218 0.094 315 1.098 
72-1 0.00261 2754  0.109 0.127 324 1.110 
72-2 0.00220 2757  0.076 0.106 324 1.110 
74 0.00208 2755  0.172 0.098 328 1.100 
75 0.00252 2725  0.344 0.150 327 1.091 
76 0.00251 2717  0.258 0.096 305 1.109 
78 0.00591 2726 0.0080 0.816 0.276 323 1.077 
79 0.00790 2712 0.0080 1.104 0.171 308 1.093 
82 0.00309 2714 0.0040 0.455 0.198 315 1.091 
83 0.00288 2724 0.0047 0.397 0.149 325 1.098 
84 0.00344 2715  0.358 0.147 317 1.123 
86 0.00581 2726 0.0064 0.766 0.264 309 1.056 
87 0.00280 2714  0.342 0.131 325 1.136 
88 0.00392 2744 0.0039 0.468 0.217 334 1.098 
91 0.00408 2751  0.386 0.206 327 1.081 
92 0.00394 2721 0.0043 0.537 0.252 323 1.073 
93 0.00219 2728  0.260 0.120 326 1.094 
a Ratio of uncorrected to corrected K2O values (wt%) used to adjust total volatile contents 
